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Recently a ne"J research area has emerged from
tho application of tho organic chemical approach to
tho problems in chemical transfonuation found in
biochemistry. Organic chemical investigation on the
oxidation of natural components may often give an
useful information for the elucidation of the detail-
ed chemical mechanisms of biological oxidations of
them. For this purpose autoxidation and oxidation
1Iii th one electron-transfer oxidizing agent such as
ferricYffi~ide are commonly used~ Photosensitizod
oxygenation, vvhich seems to be closely related to
some biological oxidation catalyzed certain enzymes
such as oxygenases and some oXidases2 , is also
important method for this purpose.
The photosensitized oxygenation of organic
compounds has been studied extonsively by many
workers and represents a very smooth method for
introducing oxygen in a specific fashion into
organic compounds. For the photosensitized oxygena-
tion two mechanisms have been proposed. One involves a
"Z
excited sensitizer-oxygen complex..! and the other~ exited
singlet molecular oxygen. 4 The reaction can be distinguished
from the familiar radical oxidation. Recently photosensitized
oxygenation has drawn much attention in the area of organic
photochemistry in view of the electrophillic charact'2r
of singlet oxygen and the mode of peroxide formation. 4
Photosensitized oxygenation is also important in
the field of biochemistry, especially in photobiology.
The irradiation of certain biological systems, such as
bacteria, virus, proteins a.nd nucleic a.cids, in the
presence of a sensitizing dye and oxygen inducc;s various
biological effc;cts, such as mutation, denaturation and
carcinogenic effects. These phenomena are well kLlOwn
h
as photodynalilic actions.) Thus, tra.nsformhlg deoxyribo-
nucleic acid~ (DNA) is deactivated by visible light in
the presence of a sensitizer and oxygen. 6 This is
known to be mainly due to the selective destruction of
guanine residues in DNA by photosensitized oxygenation. 6
In order to contribute to the elucidation of the
ID8chanisms of these photodynamic inactivation of DNA,
a systematic investigation on tho photosensitized
-2-
oxygenation of various purines including guanine
has boe::n carried out and presented in Chapter I.
From the results obtained it is concluded that the
peroxid8 intermediates. "hich are initially formed
by the attack of singlet oxygen to the purines. give
variou,s degradation products and that the nature of
the peroxide is depending upon the structural feature
of the imidazole moiety of the purines.
In Chapter II the photosensitized oxygenation
and alkaline ferricyanide oxidation of quinoxaline-
2. 3-diols 9 which are kno1im to be catabolic inter-
mediates of riboflavin. has been examined as a possib-
le model for the biological oxidative decomposition
of riboflavin. Hechanisms of thsse oxidation reac-
tions are discussed in connection with tho enzymatic
degradation of riboflavin.
In Chapter III oxidation including photosensitiz-
ed oxygenation of lipoic acid has been carried out
in relation to the elucidation of the structure of
the metabolites of lipoic acid. The microbiological
and pyruvate oxidation activities of tho oxidation
products are also presented. Furthernore, the wodels
-3-
for enzymatic acyl-transfer reactions, in which lipoic
acid plays an important rolo, are also demonstrated.
Finally, in Chapter IV photosensitized oxygenation
of thiazoles is mentioned. Possible mechanisms involv-
ing peroxide intermediate are discussed in this chapter.
-4-
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The numerous investigations have demonstrated
that any living systems su.ch as organism, virus, enzYLlles,
proteins and nucleic acids aTe susceptible to photo-
sensitized oxidation in the presence of light, oxygen
and a sensitizing dye. To these phenomena the term
photodynamic action has been applied. l The fact that
substances of biological interest such as chlorophyll,
porphyrins, flavins etc. are photodynamic, is suggesting
that photodynamic action might play an important role
in physiological proccss. 2 Furthermore, much atteniion,
at present, is drawn to photodynamic action in relation
to some diseases brought about by drugs and to carcino-
genic process initiated by photodynamic chemicals. 2 ,3
In connection with these photodynamic inactivat-
ions of organisms and virus, a great deal of evidences
have accummulated which suggest that photosensitized
-6-
oxygenation of nucleic acids is involved. l It seems
necessary, therefore, in order to pursue the na.ture
of these photody-namic actions, to understa.nd some
of the chemical mechanisms involved in the photo-
sensitized oxygenation of nucleic acids.
'rho photodynamic inactivation of nucleic acids
has been found to be mainly due to the selective
degradation of guanine residues in deoxyribonucleic
acids (DNA).4,5,6 Thus, by using DNA containing
8_l4C -guanine and 8_l4C -adenine it has been
demonstrated that at least 80% of the guanine was
selectively destroyed by lumichrome-sensitized
oxidation and that neither adenine nor pyrimidine
b d t d d tll d Ot" 7ases was os roye un er .8 con l lons~
Susscmbach and Behrends8 reported that lumichrome-
sensitized photooxidation of guanine in an aqueous
solution results in a mixture of products from which
carbon dioxide, parabanic acid, and guanidine can be
detected. They proposed the intermediary formation
of a peroxide for which chemical structure remains
o
unknown. On the other hand, Sastry and Gordon 7
reported that methylene blue-sensitized photooxidation
-7-




Since the results indicate that guanine and
guanosine are extensively degraded by photosensitized
oxygenation, it seems difficult to clarify the nature
of these reactions. Therefore, a systematic investiga~
tion on the photosensitized oxygenation of purine deriva-
tives has been carried out, in order to contribute to
the elucidation of the chemical mechanisms of photo-
dynamic inactivation of guanine residues in DNA.
-8-
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In connection with the photodynamic inactivation
of deoxyribonucleic acid,l the photosensitized oxygena-
tion of guanine and related purine derivatives has recent-
ly drawn much attention. Irradiation of gu.anine and
guanosine by visible light in the presence of sensitiz-
ing dyes and oxygen results in destruction of the
2
molecule to give various products, and details of
the reaction pathway remain unknown. Other hydroxylated
purine derivatives, such as uric acid, xanthine, and
hypoxanthine, are also known to consume oxygen under
similar conditions. 3 ,4,5 Recently Anmann and VynCh6
have reported that uric aCid, when submitted to the
methylene blue-sensitized photooxygenation in aqueous
ethanol, yields cyanuric acid, allantoin, parabanic
aCid, urea, and other three unidentified compounds,
although all these substances were identified only on
paperchromatograms. vlithout a sensitizer, triuret was
-10-
obtained in the photooxidation of uric acid under
the influence of ultraviolet light.? In order to
elucidate the detailed chemical mechanisms of the
photosensitized oxygenation of those hydroxylated
purines, the photosensitized oxygenation of three
N-unsubstituted hydroxypurines, i.e., xanthine (1.),
uric acid(1), and 8-methylxanthine(1), in alkaline
media using rose bengal as a sensitizer, has been
carried out.
2.2. Results and Discussion
Irfhen an aqueous alkaline solution of xanthine(1.)
was irradiated in the presence of rose bengal under
bubbling oxygen, 1.05 mole equivalent of oxygen was
consumed. Acidification of the reaction mixture
liberated carbon dioxide (l.0 mole equivalent), which
was detenuined by converting into barium carbonate.
From the acidified mixture triuret (2) (5%) and
allantoin (l) (41%) were obtained as major products.
Triuret was identified by its synthesis8 and by its
derivation into cyanuric acid.
Uric acid (4) also consumed 1.1 mole equivalent
-11-
of oxygen under similar conditions. In this case, the
yields of products were dependent upon pH during iso-
lation of the products. Isolation of the photoproducts
at pH 2 yielded triuret ("?), sodium oxonate C'2J a.llan-
toxaidin (§), and carbon dioxide, in 20, 30, 15, and 85%
yields, respectively. v{hen the isolation was made at
pH 5.0, the yield of sodium oxonate (2) was increased
up to 40% at the expense of carbon dioxide (25%) and
no allantoxaidin (6) was obtained. On the other hand,
photooxygenation of uric acid in the presence of a
large excess of alkali followed by the isolation of
the products at pH 5.0, afforded triuret U., 8%),
sodium oxonate (i. 69%), and carbon dioxide (lOJ{;).
Since it is knovm that sodium oxonate (2.) is converted
to allantoxaidin (.2) by treatment with a strong Clcid,9,10
it is concluded that ~llantoxaidin formed from uric acid
is the secondary product which was formed in the course
of isolation.
Photosensitized oxygenation of 8-methylxanthine (1)
in the presence of 1.1 mole equivalent of alkali result-
ed in consumption of 0.95 mole equivalent of oxygen to
give a complex mixture, which was found, by paper
-12-
chromatography, to consist of at least six compounds.
From the mixture, acetamide (6%), sodium oxonate (2,
25%), and c2.rbon dioxide (53~0) were obtained. All the
above results are summarized in Table 1.
In the absence of the sensitizer, none of the
substra.tes consumed oxygen upon irradiation and the
starting materials were recovered quantitatively,
indicating that the presence of a sensitizer is a
requisite condition for the present photooxygenation.
Although ~Jeber has sho1rw that some lmrine derivatives
form a complex vd th riboflavin in solution,ll no
spectroscopic evidence was obtained for the formation
of a charge-transfer complex between rose bengal and
any of the substrate. The above results demonstrate
that the Gxcited state, possibly a triplet state,12
of the sensitizer may be involved in the present
reaction. Recently the suggestion that singlet excit-
ed oxygen is involved in dye-sensitized photooxygenat-
ion of cGTtain organic compounds was strengthened by
several 1rwrkers}3 Although mechanisms involving an
14 15
energ! transfer and an electron transfer behveen
triplet excited sensitizer and purine derivatives
-13-
Table 1. Photosunsitized oxygenation of hydroxypurines.
Substrate NaOH
°2 CO 2 pH Products
added consumed liberated change (% yield)
(mole) (mole) (mole)
-'-=-''''=~-
Xanthine 0.5a 1.0 1.0 11.7 - 8.8 2 (5)
(1) 1 (41)
- .""~-~
Uric acid 1.6D. 1.1 0.85 13.0 -12.7 2 ~20)
I C~JJ ~ 30)I-'
.§. (15)..p,.I
1.6b 1.0 0.25 13.0 -12.6 Z. (29)
.2 (40)
13.5b 1.0 0.1 13.2 -13.1 Z. ( 8)
2. (69)
8-Hethyl- Lla 0.95 0.53 12.8 -12.4 2. (25)
xanthine .§ ( 6)
(1)
--
a The reaction mixture was adjusted to pH 2.0 with 2N HOI before the isolation of
the products.
b The reaction mixture was adjusted to pH 5.0 with acetic acid before the
isolation of the products.
have been postulated, recent results obtained in the
oxygenation of N-alkylEl.ted purine derivatives with
16
singlet oxygen strongly suggest that, in the present
photosensitized oxygenation, singlet oxygen may attack
*the ground state molecule of the substrates. Thus,
it appears that the attack of singlet oxygen may
result in the ini tiD.l formation of a peroxide intcr-
mediate, either a cyclic peroxide or a hydroperoxide,
depending upon the nature of the starting material.
Possible sequences for the photosensitized oxygenation
of the hydroxypurines, 1, i, and 1, are illustrated
in Scheme 1, 2, and 3.
* Oxidation with singlet oxygen generated from
hydrogen peroxide and hypochlorite l3 would not be
applied to these hydroxypurines which are soluble
in the solvent system employed only in the presence of
alkali. Because these hydroxypurines are lLnown to
.,.,\
be easily oxidii:ed Vii th hydrogen peroxide alone under
alkaline conditions to give various products. 9 ,lO
-15-
The formation of allantoin (2). the major product
from xanthine (1). is vTell rationalized by a pathway
involving a cyclic peroxide §. (Scheme 1). Such a cyclic
peroxide is known to be an initia.l product in the photo-
sensitized oxygenation of cyclic dienes. 17 and it has
been postulated as an intermediate in the photosensitized
oxygenation of certain types of five-membered N-hetero-
aromatics, 18 1° 20i. e •• pyrroles and oxazoles. ~.
Peroxide § then rearranges to form an alloxanimide
derivative .2. "Thich is. on benzylic acid-type rearrange-
ment* and subsequent decarboxylation. converted to
allantoin (£). The formation of 1.3-dimethylallantoin
(}') in the photosensitized oxygenation of theophylline
A(.r)'T is quite analogous to our results obtained wj_th
xanthine (1).
In the photosensitized oxygenation of uric acid
(1). the attack of singlet oxygen would form hydro-
*
peroxide 10 or 11 (Scheme 2). This type of hydro-
peroxide is generally accepted as an intermediate in
An aqueous alkaline solution of alloxan decomposes
to give alloxanic acid. 5-hydroxyhydantoin-5-carboxylic acid. 21
..,16-
8
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Scheme 1
the photooxygenation of certain l'J-heterocycles having
a moiety -C:::C-NH-, i. e., imidazoles, 22,23 pyl"roles, 24,25
a.nd indoles. 26 The 5,6-bond of hydroperoxide 10 or
11 is cleaved, concertedly or via a four-membered
cyclic peroxide 12, to form a nine-membered inter-
mediate 12, which could be hydrolyzed to give sodium
-17-
oxonate (2) via path a and triuret (~) via path b.
Nine-membered compounds analogous to li is known to be
obtained as one of the products in the photosensitized
oxygenation of fully N-alkylated uric acids, e. g., li'
from l-ethyl-3,7,9-trimethyluric acid (1, ).16 As already
discribed, sodium oxonate (.2.) when treated ..,ith hydro-
chloric acid is easily decarboxylated to form allantoxai-
din (1).
Finally, a hydroperoxide intermediate 14 may a.lso
account for the photooxygenation of 8-methylxanthine
(2)(Scheme 3). Hydroperoxide 14 would give analogously
a cyclic intermediate 12 which is then hydrolyzed to
acetamide and sodium oxonate (.2.). However, a possibility
for the formation of cyclic peroxide 16 analogous to §
cannot be eliminated. Peroxide 16 will lead to the
intermediate 15 and also to other unidentified products.
-18-
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2.3.1. General Procedure for Photosensitized
Oxygenation.
A solution of the substrate and rose bengal in
NaOH aq was irradiated using a lOOw high-pressure
mercury lamp with a Pyrex cooling jacket at room temp.
During irradiation oxygen was bubbled through the
solution in a closed circulating system and the con-
sumption of oxygen was determined manometrically.
After the reaction mixture had been acidified with
2N HCl to appropriate pH, nitrogen was bubbled through
the rrrixture and carbon dioxide liberated was trapped
with Ba(OH)2aq. The yield of carbon dioxide was
determined by weighing BaC03 precipitated. The pro-
ducts ltJ"ore isolated as described belmf. The results
are slliilluarized in Table 1.
2.3.2. Pbotooxygenation of Xanthine (1).
A solution of xanthine (1.0 g, 6.6 mmoles) and
rose bengal (20 mg) in 0.022N NaOH (150 ml, 3.3 mmoles)
was photooxidized. After the absorption of oxygen
(155 ml) had ceased (1 hr), the mixture was acidified
-21-
to pH 2.0. CaTbon dioxide (6.6 mmolcs) 1'JaS libeTa.ted.
The acidified mixture was treated with Norit to remove
rose bengal, then was concentrated under red pT8SS to
30 ml depositing triuret (~) as a yellow solid (50 mg,
5;6) which ~vas crystallized from water, m.p. 230~238°
(lit. 8 231-235 0 ). The TR spectrum was identical to
that of an authentic sample. 8 'rhe identity of the
compound ",'as further confirmed by its derivation to
" "d 7,8cyanurlc aCl •
The LlOther liquor '.'fas evaporated to dryness to
gi va a residue '.-Thich "\"1as crystallized from water to
give allantoin (3) (0.42 g, 41%) as crystals, m.p.
235-236 0 • The IR spectrum lIvE1S identical to that of
an authentic sample.
2.3.3. Photooxygenation of Uric Acid (i)
(8) .Isolation of Products at pH 2.0. A suspension
of uric acid (2.0 g, 12 mmoles) in 0.16n HaOH (120 ml,
19.2 mro.ol,:;s) containing rose bengal (20 mg) was photo-
oxidized (1.5 hr). The mixture became a clear solution
as oxygen was consumed. A white solid deposited during
irradiation was identified as triuret (50 mg). AfteT
-22-
oxygen (300 ml) had been consumed, the mixture was
acidiEec1 to pH 2.0, liberating carbon dioxide (10.2
mmoles) .. Removal of the solvent left a solid mass
\"hich was crystallized from wator (35 ml) to give
triuret (0 .. 28 g; total 0.33 g, 20%). Concentration
of the mother liquor to 10 ml afforded crysta.ls (0.63
g, 30%), m.. p.> 3000 , w-nich "rere iderltified as sodium
t 9,27 (b IR) .:t H20 0 ( 750) .:t o.OIN 'J 0"oxona .,0 y. 23 mil € 4, l\a li
max max
252 mil ( e 6780). Further concentration of the mother
liquor gave allantoxaidin (0.21 g, 15;S), m.p. 280-282 0 ,
which vms identical \"i th a sample prepared by treat-
mont of sodium oxonate vrith IN H2SO/,10 (by In).
;( H20 232 mP ( € 5600) .:t O.OlN NaOH 250 m,u Co 7200),
max ' max
Nujol -1
v max 1800 and 1730 em
lJ?lJsolation of Products at pH 5.0. The mixture,
which was obtained by the photooxygenation of uric
acid as described above, was acidified to pH 5.0
with acetic acid. Triuret (0.50 g, 29%), sodium
oxonate (0 .. 70 g, 40%), and carbon dioxide (3 mmoles)
V18re obtatned by the similar procedure. No allan-
toxaidin was detected •
..cel Photooxygenation in the Presence of a Large
-23-
Excess of NaOH. A solution of uric acid (5.0 g, 30 Bmoles)
and rose bengal (20 mg) in 1.6N NaOH (250 ml, 0.405 mole)
,,,as photooxidized. From the mixture, ...hich 1tlEl,S acj_difi-
ed with acetic acid to pH 5.0, triuret (0.34 g, 8;0),
sodium oxonate (3.5 g, 69~6), and carbon dioxide (3 mmoles)
'i,ore obtained by the siruilar procedure.
2.3.4. Photooxygenation of 8-Methylxanthine (2).
A solution of 8-methylxanthine28 (2.0 g, 12 fililloles)
and rose bengal (20 mg) in 0.088N HaOE (150 ml, 13.2
mmoles) was photooxidized.. After oxygen (254 ml) had
been consumed, the mixture Has acidified to pH 2.0 to
liberate carbon dioxide (6.35 mmoles). A paper chroma-
tographic analysis using l-butanol-acetic acid-1tJatcr
(5: 1: 4) as the solvent shmved that products consist of
at least six compounds. After removal of the solvent
under red press tho residue was extracted v,ri th boiling
benzene (100 ml). EW1.poration of the benzene extract
left crystals (40 mg, 5.5%) which were identified as
acetamide (by lB.). The residue insoluble in benzene
was dissolved in hot water (50 ml) and tho solution
was treated with Norit. On cooling the solution
-24-
deposited crysta.ls (0.41 g, 22~fo), which Ivere identi-
fied as sodium oxonate (5) (by IR). No other products
could be isolated in a pur,? form.
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In the previous section,1,2 it has been showl1 that
the photosensitized oxygenation of hydroxylated purines,
including xanthine (la) and uric acid e.g), in an aqueous
alkaline solution gives various products which are possib-
ly formed via a peroxide intermediate. In the case, a
5,8-endo-perexide E for the intermediate from la and
a hydroperoxide 48 or 4b from..? has been posturated.
The formation of 1,3-dimethylallantoin in the photo-
sensitized oxygenation of theophylline (lb)3 can be also
rationalized by considering a similar peroxide inter-
mediate lQ. The peroxides 2. and .± are analogous to
photoperoxides obtained from cyclic conjugated dienes4
and from olefins bearing an allylic hydrogen,5 respective-
ly. In contrast to purine derivatives such as 1. j_Yl which
two double bonds of the imidazole ring are fixed at
4,5- and 8,9-positions, 9-N-substituted purines such
as 2 have two double bonds fixed at 4,5- and 7,8-posi-
tions. In the latter case it might be expected to result
-28-
in the initial formation of a 4,8-endo-peroxide .2.
analogous tal.. On the other hand, photosensitized
oxygenation of 8-hydroxY-9-N-substituted purines such
as 1, in 1\Thich a double bond is located only at 4,5-
position as in ,£, would give a 4-hydroperoxy inter-
mediate 1'1 analogous to 4a.
3.2. Results and Discussion
When a methanol solution of 1,3-dimethyl-9-
phenylxanthine (5a) was irradiated with a high-pressu-
re mercury lamp (Pyrex) in the presence of rose bengal,
1.3 moles of oxygen was consumed and a crystalline
tion with visible light in the presence of the sensi-
tizer gave essentially identical results. The NNR
spectrum (CDC13) of the product shows four singlets
of two N-methyls and hm methoxyls at T6.48,6.54,
6.80, and 7.45 in add:'.. tion to a singlet at T 3.75 and
a multiplet centering at T 2.78 corresponding to an
NH and a phenyl group. The IR spectrum exhibits
. -1intenso absorptions elt 1720 and 1675cm • Treatment
of the product l'1"i th hydriodic acid gave 1, 3-dimethyl-
-29-






















9-phenyluric acid (7a). Chemical and spectral proper-
ties are compatible with structure 9a for the photo-
product. This assignment "ms confirmed by an inde-
pendent synthesis of 9a lv-hich was obtained by the
reaction of 7a with chlorine in methanol 3-lJplying
the known. method for the synthesis of 1,3,7,9-tetra-
methyl-4,5-dimethoxyuric acid from 1,3,7,9-tetra-
methyluric acid. 6
Photosensi tized oxygcmo.tion of 9-phenylxanthine
(5b) in. the same manner yielded, after the consump-
tion of 1.1 moles of oxygen, a compound C13H14N40S
in 58% yield. The molecular formula WEtS confirmed
by the appeclrance of its mass parent peak at m/e 306.
The NI1R spectrum (DMSO-d6) exhibits two methoxy
singlets D.t T 6.35 and 6.54, three singlets of three
NH protons at T 0.75, 3"20, and 3.45, and a multiplet
of ".1 phenyl group centering at T 2.73. Tho spectral
data suggest structure .2.£ for the photoproduct. This
was confirmed by the methylation of the product with
diazomethane yielding 9a.
Photosensitized oxygenation of 9-N-substituted
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Thus 1 9-phenyluric acid (7b) gave J after tho cons~mption
of 1.1 molo s of oxygon J 4 1 5-dimothox'J-9-phenyluric acid
(9b) in 46% yield. In a similar way~ 1,3-dimethyl-9-
phenyluricacid (7a) absorbed 1.1 moles of oxygen to
- 32 -
gige 2sl (2%) and .3 compound C14R16N405 (1l7'~). The
NMR spectrum (CDC13) of the latter product shows, in
addition to a mUltiplet uf a phenyl group centering
at 73.0 and two singlets at 72.76 and 3.47 corres-
ponding to OR and NH protons, respectively, a singlet
of nine protons at T 6.66 suggesting the presence of
two N-methyl and an a-methyl groups. Partial hydro-
lysis of ~ with 2lJ hydrochloric acid give this trime-
thylated compound for "lhich, therefore structure 10
was assigned. In the course of the hydrolysis of
90. to 10, a methoxy group at 4-position, which is
highly deshielded by a phenyl group at S-position,
might be selectively hydrolyzed.
Although. both .2. and '2 give rise to.9., different
mechanisms must be considered for the formation of
.2,. As was expected, the formation of .9. from .2. can
be rationalized by a 4,8-endo-peroxide intermediate
6. Such an endo-peroxide has been postulated '-1.8 tho
intermediate in the photooxidation of some five-
membered nitrogen heterocycles, i. e., pyrrolos, 7
oxazoles,8 and isoindoles. 9 The initially formed
ondo-peroxide .Q could be solvolyzed by methanol to
-33-
a methfly;y-hydroperoxide 11 which is dehydrated to give
a 8-keto compound 12. Such a process is ..,ell knOiill in
the photosensitized oy;ygenation of furan uhich, in
methanol" gives 4.....nethoxy-2-butenolide via C\ 1,4-endo-
. d 10peron e. As the result mentioned in the previous
section, the formation of allantoin from xanthine (la)
~_ 1,2provides an anaJ.ogous example. Addi tion of methanol
to a C=1if bond of 12 finally leads to the 4,5-dimetho-
:x;yuric acid derivative 9 (Scheme 1). A sinilar mecha-












On the other hand, a hydroperoxide 8a.nalogouB
to 4 can be considered to account for the formation
of .2. from 7. This type of hydroporoxidc is generally
accepted as m~ intermediate in the photooxygenation
of certain N-heterocyclos boaring a -C=C-lnJ- moiety.l
Hydroperoxide 8 could rearrange to a four-membered
cyclic poroxide 13 which, in tho preson8e of methanol






















Such 0. process involving reductive cleavage of a cyclic
peroxido by mc:thanol to a dimethoxy compound has analogy
in the photosonsitized oxygenation of a cyclopham.J
d . -'-' 12erlV.JGlVG. A mothoxy-hydroporoxido 14, 1-rhich might
be formod oither from the cyclic peroxide 13 by mothanol-
ysis or directly from hydroperoxide § by addition of
methanol to a e=N double bond, can account for the
formation of 10 from 1,3-dimethyl-9-phenyluric a.dd (70.).
Recently involvement of singlot oxygen in dye-
sensitized photooxygenation of olefinic compounds13
including oxazoles14 has boen shown by several l-rorkers.
In order to ascertain the participation of singlet
oxygen in the present reactions, the roaction of 5b with
chemically generated singlet oxygen was carried out.
Treatment of 5b with hydrogen peroxide and sodium
hypochlori to in an aque~ methcmolic solution at pH 8.4
afforded a complox mixturo of products from which only
a SElall amount of 4, 5-dimo thoxy-9-phonyluric :wid (..2Q)
"I-ras detected. The low yield of 9b is prob'::l.bly dUG to
instability of 9b undc:r conditions employed. At pH 8.4
5b was quite stable to hydrogen peroxide c:dono, but was
oxidized with hypochlorite to give unidentified products
-36-
from which no 9b could be detected. However, it is




To a suspension of 9-phenylxanthine15 (1.0 g,
4.4 mmoh"s) in 100 ml of absolut8 NeOH was added an
ether solution of diazomcthano (prep3red from 5g of
nitrosonwthylurea). After removal of the solvent,
o solid insoluble in ]VIcOH 1'i3S again methylated in
the sLi5 lor manner. Fol101'iing remov/3.1 of the solvent
the residue was extract2d with CHC1 3 ond the extract
was evo,porated. Crystallization of the residue gave
0.13g (11.5%) of 5a,
m,a (10 21200), l\Jujol
1I max
o ( ) EtOH 6
m.p. 305-307 dec. ~ max 2 5
1690, 1640 em-I, mqR (CDC13); T
2.45-2.86 (SH, multiplet, phenyl), 2.50 (lH, singlet,
-CH=N-). 6.65(3H, singlet,> N-CH~), 6.98 (3H, singlet,
./
>N-CH3). (Found:C, 60.46; II, 4.85; N, 21.41. C13H12Ii]40;
requires C, 60.93; H, 4.72; N, 21.87%).
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3.3.2. Photosensitiz2d Oxygenation of 1,3-Dimothyl-
9-phenylxanthine (5a).
A solution of 100 mg (0.4 mmole) of 5a and rose
bengal (10 mg) in 100 ml of absolute NeOH was irradiat-
ed viTi th a 100 vi high-pressure mercury lamp for 1 hr as
described previously, until 12 ml (0.50 mmcle) of oxygen
"lms consumed. After removal of the solvent a rosidual
oil was purified by preparative TLC on silica gel using
a mixture of CHC1
3
and EtOH (20:1). The zone of Rf-valu8
0.30 was collected and eluted vfi th acetone. From the
eluate 30 rug (23%) of 1,3-dimethyl-4,5-dimethoxy-9-
phonjluric acid (98) vms obtained as cryst,".ls. Recrys-
tallization from MeOH gave fine needles, m.p. 223-225 0 ,
\'fhich vJere identical \oTi th an authentic sample prepE!.red
below (by mixture m.p. and TR).
275 m /1 (6 1500). ))
EtOH 220 m/1 (6 29S00),A max
NUlol -1 (~ 1720, 1675 em . Fo~~d~
nlClX
C, 53.55; H, 5.41; N, 16.69. C15HlSN405 requires C,
53.SS; H, 5.43; N, 16.76%).
3.3.3. Reduction of 1,3-Dimethyl~4,5-dimethoxy-9­
phenyluric Acid (.2.§) with HI.
The reduction of 9a "liaS carried out according to
the method of Biltz. 16 A solution of 150 mg (0.45 mmole)
-3S-
of .2Q. obtained above in cone HI (5 ml) 1.as warmed 8.t
600 for 3 hr. Following removal of the solvent in
vacuo, the rosiduD.l oil was tri turdtod with lVloOH( 20
ml) under ice-cooling to deposit 65 mg (53%) of 1,3-
dimethyl-9-phenyluric acid (7a) as crystals, m.p. 300°,
w}lich were identified by IR.
3.3.4. 1,3-Dimethyl-4,5-dimethoxy-9-phenyluric Acid(9a)
According to the procedure repor+ed by Biltz,6
a suspellsion of l.0 g (3.7 mmoles) of 1,3-dimethyl-
9-phenyluric scidl? (7a) in 20 ml of absolute r,1eOH ,,,as
cooled all D icc~-sal t bath. Chlorine gas was bubbled
through tho suspension yielding a cli2:J.r solution. In
order to remove the excess of chlorine [I stream of
ni trogen IvaS bubbled through the solution, depositing
white precipitates. Crystallization from 1"IeOH gave
0.61 g(50%) of 98. as fine needles, m.p. 223-225 0 .
3.3.5. 1,3,7-Trimethyl-4,5-dimcthoxy-9-phenyluric Acid.
According to the above proced11re, this compound
was synthesized from 1,3,7-trimethyl-9-phenyluric acid18
in 49% yield. Recrystallization from NeOR gave fine
-39-
needles, m.p. 138? ),~~~H 221 illf.J.(C 35600),275 mil
(e 2400), v ~~~~Ol 1740, 1680 cm-l , NIJIR (CDC13), T 2.87
(5H, multiplet, phenyl), 6.55, 6.61, 6.80. 7.17. 7.45
(all singlet, 811Ch 3H, >N-CH
3
i],nd -O-CH3 ). (Found: C,
55.31; H, 5.64; N, 15.96. C16h20N405 requires C, 55.16;
H, 5.79; N, 16.08%).
This compound ,,,DS also obtC!ined from 1,3-dimethyl-
4,5-dimethoxyuric acid (9a) by treotmcnt with ethereal
diazomethane in 55% yield.
3.3.6. Photosensitized Oxygenation of 9-Phenylxanthine
(5b).
A suspension of 2.0 g (8.8 mmoles) of 5b in
absolute J:100H (400 ml) conta,ining rose bengal (20 mg)
was irradiated ,,,i th a 100 VI" high-pressure mercury 1Wllp
for 3 hr as described above. During irradiation
carbon dioxide liberated i'IBS trdpped as barium carbo-
nate (0.73 g, 2.5 IJ!lloles). After 232 ml (9.7 mIlloles)
of oxygen had been consQmed, the mixture ,,,as concentrat-
ed in vacuo to 10 ml, then treated VIi th Nori t to remove
the sensitizer. On cooling in an ice box overnight
0.52 g of 4,5-dimethoxy-9-phenyluric "wid (9b) vms
d8posi ted as crystals. The mother liquor was evapora,t-
-40-
ed and the residue was chromatographed on a silica
gel column (40 g). Elution with CHC1 3-aeetbne (10:1)
yielded 1.05 g (total yield, 58%) of~. Recrystalli-
o
zation from MeOn gave crystals, m.p. 190-191 . A EtoE
max
218 mIJ. ( c 36000) , 248 (shoUlder, 18800), lJ Nujol 1770,
max
1670 -1 (Found: C, 50.54; E, 4.82; N, 17 .8loem .
C13H14N405 requires C, 50.98; E, 4.61; N, 18.28%).
3.3.7. I1ethvlation of 4,5-Dimethoxy-9-phenyluric
ACid
v (~).
AXl excess of ethereal diazomethane was added to
a solution of 9b (100 mg). After rc,moval of the
solvent, the residue was again t:ceated Vii th etherea.l
diazomethane. The mixture ,'Vas found by TLC to consist
of several products, from which 5 mg of 1,3-dimethyl-
4,5-dimethoxy-9-phenyluric acid (~) was isolated by
preparative TLC using silica gel plates and CHC13-
EtoH (10:1) as an eluting solvent, and the compound
was identical with a sample obtained above (by IR).
3.3.8. Photosensitized Oxygenation of 1,3-Dimethyl-
9-phenyluric Acid (7a).
A suspension of 1.0 g (3.7 mmoles) of 7a in 280
-41-
ml of NeOH containing 20 mg of rose bengal was photo-
oxidized a.s described above (photooxidation of 5a).
After 95 ml (4.0 mmoles) of oxygen had been consumed,
the mixture was evaporated. The residue was chromato-
graphed on a silica gel column (20 g). Elution \i11'i th
200 ml of CHC13 yielded 25 rag (2 .11'b) of 1, 3-dimethy1-
4,5-dimethoxy-9-phenyluric acid (~) which was identifi-
ed by IR. Elution with CHC13-acetone (20:1) yielded
132 mg (1270 of 1, 3-dimethyl-4-hydroxy-5-methoxy-9-
phenyluric acid (10) as crystals. Recrystallization
ofrom acetone gave crystals, m.p. 201-202. AEtoH
max 232
mit (c 27700) and 271 (1700); v Nuj 01 3300-3400 1750
max '
(shoulder), 1690, and 1655 em-I. (Found: C, 52.50;
H, 4.96; N, 17.51. C14H16N405 requires C, 52.49; H,
5.04; N, 17.49%).
3.3.9. Partial Hydrolysis of 1,3-Dimethyl-4,5-
dimethoxy-9-phenyluric Acid (9a).
A suspension of 100 mg (0.3 mmole) of 9a in 3 ml
of 2N HCl was boiled for 1 min. After cooling a solid
deposited was collected by filtration and crystallized
from acetone to give 15 mg (15%) of 1,3-dimethyl-4-
-42-
hydroxy-5-methoxy-9-phenyluric acid (10) as crystals,
m.p. 200-202°, which wers identical with the acid
10 obtained from 7a (by IR).
- -
3.3.10. Photosensitized Oxygenation of 9-Phenyluric
Acid (7b).
A suspension of 1.5 g (6.3 mmoles) of 9-phenyl-
uric acid (7b)18 in 200 ml of absolute NeOH contain-
ing 2) mg of rose bengal was photooxidized for 4 hr
as described above. After 180 ml (7.1 mmoles) of
oxygen had been consumed, the mixture was evaporated
in vacuQ to 15 ml. Crystals deposited (0.86 g, 46%)
were identified as 4,5-dimethoxy-9-phenyluric acid
(9b) (by IR and mixture m.p.).
3.3.11. Oxj_dation of 9-Phenylxanthine (5b) with
Hydrogen Peroxide and Sodium Hypochlorite.
The oxidation was carried out by the procedure
reported by Foote et al. 13 To a solution of 1.0 g
(4.4 mmoles) of 5b in 300 ml of MeOH was added 2.5 ml
(22.5 ~moles) of 30% H202 . The mixture was cooled
on an ice-bath and 14 ml (17 mmoles) of 9% NaOCl aq
was adcled dropwise under stirring in the course of
-43-
1 hr. To the reaction mixture (pH 8.4) was added 500
ml of CHC13 and 500 ml of water. The organic layer
was separated and evaporated in vacuo to dryness. The
residue was found by TLC to consist of at least seven
compounds. One of the compounds was identified by
'fLC (silica gd, CHC13-BtOH (10:1» and by PPC (n-
BuOH-AcOB-H20 (5:4:1) as 4,5-dimethoxy-9-phenyluric
acid (9b).
At the same pH (8.4) 5b vras recovered unchanged
on treatment vvi tll hydrogen peroxide. Reaction of 5b
wi tll an excess of NaOCl vras also carried out. To a
solution of 100 mg (0.44 mmole) of 5b in 100 ml of MeOR
5 ml (6 mmoles) of NaOCl aq vms added. The mixture
was extracted with CHC13 as described above. The CRC1",J
extract vras found by 'rLC to consist of mainly two
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4. Photosensitized Oxygenation
of Fully lJ-Alkylatod Uric Acids
4.1. Introduction
In the previous section,1,2,3 it has b8en shm'll1
that, in the case of 2,6-dihydroxypurine derivatives
such as ~, ~9 and 1, the initial attack of oxygen,
possibly excited singlet oxygen, occurs at double
bonds of the imidazole moiety to form a pero~ide
intermediate which could account for the formation
of the degradation products. Two typos of peroxide
intermediates have "been formulated in these reactions.
lifhen hw double bonds aTe present in the imidazole
moiety as in 1. and;;', an enda-peroxide as .1 and .2.
might be the intermediate. It is generally accepted
that such an enda-peroxide is an intermediate in the
photosensitized oxygenation of cyclic dienes4 and
also of c'.?rtain lJ-heterocycles5, 6 bearing a -C=l'J-C=C-
group. On the other hand, when a -C=C-NH- group is
present in the imidazole moiety as in 1, a hydro-
peroxide as .§. might be formed being accompanied by
migration of the double bond. This type of hydro-
-47-
peroxide is also generally accepted as an intermediate
in the photooxygenation of various N-heterocycles such as








The latter type of peroxide is well knmm as an
initial product in the photooxygenation of simple olefins
bearing an allylic hydrogen; namely -C=C-CH-
-C(OOH)-C=C-. To the best of our knowledge, however,
)
photoscnsi tized oxygenation of ol<::,fins having no allylic
hydrogen has not been reported, although some compounds
-48-
having a vinyl ether group, -C==C-O-R, "ithout having
any allylic hydrogen undergo photooxidative eleavage
of C==C double bond. 9* It appeared, therefore, inter-
esting to investigate photosonsitized oxygenation of
fully l'if-alkylated uric acids (1) which have no NH
group j_n contrast to.2.. From a compound such as 1
it might be expected to form a four-membered cyclic
peroxide (8) or a zwitterionic peroxide (~).
* It has been proposed that cleavage of C==C double
bond proceeds via a four-membered cyclic peroxide
. t ···d' t 9bIn Grille:: lEt 8. Ho"ever, a zwitterionic peroxide
intermediate may also account for the cleavage react-
ion (see below) as follows.
I I I I + I I
-C;;;"C-O-R~ -C-C=O-R ------t -C-C-O-R












4.2. Results and Discussion
When a methanol solution of 1,3,7,9-tetramethyluric
acid (7a) was submitted to photosensitized oxygenation
in the presence of rose bengal, O~63 mole of oxygen was
consumed rapidly and 4,5-dimethoxy-l,3,7 ,9-tetraLTlethyl-
uric acid (10) and allacaffeic acid (11) were obtained
in 35 and 5% yield, respectively. Both products were
10 11identified by their independent syntheses. '
Allocaffeic acid (n) is considered to be formed by
hydrolysis of 10 in the course of the chromatographic
separation of the products. In fact, 10 is easily
h d 1 d b "d t t t t . 11 11Y TO yze y aCl rea men 0 glve •
1.0 11
On the other hand, when photosensitized oxygenat-
ion was carried out in chloroform using methylene blue
as sensitizer, fully N-alkylated uric acids (~) gave
-50-
different types of products. Thus, l,3,7,9-tetra-
methyluric acid (7a) afforded, after absorption of
0.59 mole of oxygen -with a slower rate than in metha-
nol, l,3,7-trimethylcaffolide (12a)11 and 1,3-dimethyl-
parabanic acid Cl:~) in 42 and 7% yield, respectively.
Both compounds were identified by a direct comparison
with authentic specimens.
Under the same conditions, l-ethyl-3,7,9-tri-
methyluric acid (7b) absorbed 0.72 mole of oxygen
in chloroform to yield 1,3-dimethyl-7-ethyl-caffolide
(12b),12 1,3-dimethylparabanic acid (12), and an
oxygen add~ct CIOR14N405 in 12, 8, and 22% yield,
respectively. The structure of 12b was confirmed
by its synthesis and by its hydrolysis to 1,3-dimethyl-
5-hydroxyhydantoin-5-N-ethylcarboxyamide.12 Nolecular
formula for the adduct ,,,as confirmed by the appearance
of its parent peak at mle 270. The IR spectrum shows
-1
a broad carbonyl absorption band at 1750-1650 em
but neither NH or OR band. The mvffi spectrum exhibits
three singlets at T 6.85, 7.01, and 7.10 correspond-
ing to three N-methyl groups, a quartet at T 6.32
(3 = 7 cps), and a triplet at T 8.87 (3 = 7 cps).
-51-
The latter two signals were assiGned to an N-ethyl group.
Hydrolysis of the adduct with b~iling water afforded
ld-dimethyl- and l-ethyl-3-methylparabanic acids in
67 and 26% yields, respectively. The above results led
us to assign structure 14b for this compound.
Photosensitized oJ~genation of 9-ethyl-l,3,7-tri~
methyluric acid (7c) in chloroform yielded 1,7-dimethyl-
3-ethylcaffolide (12c) and an oJ~gen adduct (14c)in 5
and 16% yield, respectively, after absorption of 0.64
mole of o~gen. The former product was identified by
a direct comparison with an authentic s~1ple.13 The
spectral data of the oxygen adduct are quite an.alogous
to those of the adduct _14b, and structure 14c was given.
a R1 R = MeZ
b R1 Et. RZ Me









Although the formation of 4,5-dimethoxy-l,3,7,9-
tetramethyluric acid (10) from 7a looks quite analogous
to the conversion of 1,3-dimethyl-9-phenyluric acids
(1) to corresponding 4,5-dimethoxyuric acid deriva-
tives, previously mentioned in section 3 of Chapter
I, the hydroperoxide j_ntermediate such as 6 can not
account for the transformation of 7a into 10 because
of the lack of C=C-i'JH group as in 1. It is, therefore,
proposed a zwitterionic peroxide 9a for the first
step intermediate in the photosensitized oxygenation
of 7a. As was discussed above, the four-membered
cyclic peroxide 8a could also account for the format-
ion of 10. H01crever, the results obtained j_n the
photosensitized oxygenation of 7a, 7b and 7c in
chloroform are strongly supported the initial forma-
tion of the zwitterionic peroxide.2.. The transforma-
t.:i_on of 1 into 1,3, 7-trialkylcaffolides 12 clearly
indicates that the 3-N-methyl group TriaS expelled in
the course of the formation of 12.
The decomposition process of the zwitterionic
perOXide .2. depends upon its surroundings. As shown
in Scheme 1, .2. could rearrange to the cyclic peroxide
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§ (path a) wllich, in the presence of methanol, undergoes
reductive cleavage to form the dimethoxyuric acid 10.
An alternative route, by l'!Thich the zvli tterion 9a is
reductively solvolyzed with methanol at 4-position
being accompanying by an addition of methanol to the
C=N bond, can also be considered. 4,5-Bond fission
leading to the medium ring compounds 14b and 14c may
occur ej.ther from § stepvfise via .2. or directly from .2.
by a concerted process. Finally, the formation of
caffolides 12 could be rationalized only by the zHitterio
nic intermediate.2.. A cyclic tautomer 12., "Thich is
resulted from a nucleophilic attack of the perhydroxy
anion to a carbonyl carbon at 2-position (path b), could
lose 3-N-methyl group to form an intermediute 16 which
in turn cyclizes to g. The lose of the 3-N-methyl
group has analogy in the photosensitized oxygenation of
1,3-diphenyl-2-methylisoindole leading to o-dibenzoyl-
b 14enzene. Zwitterionic peroxides such as .2. have been
15 16proposed by Foote et al and Wasserman et al as the
intermedj.ate of the photosensitized oxygenation of a























Evidences for the participation of singlet
oxygen in dye-sensitized photooxygenation have been
. d db' - 17-20prOVl e y varlOUS workers. In order to
elucidate whether singlet oxygen is involved in the
photosensi tized oxygenation of 7a7 7b aIld 7c 7 reaction
of 1-~ and 7b with singlet oy~gen7 vULich was gener~ted
-55-
by non-photochemical means, ,vas investigated. Reaction
of 7a ,vith hydrogen peroxide and hypochlorite in aqueous
methanol17 afforded 4,5-dimethoxy -1,3,7,9-tetramethyl-
uric acid (10) and 1,3-dimethylparabanic acid (1..:2) in
2 and 38% yield, respectively. The latter product
seems to be formed by hydrolytic decomposition of 10.
In control experiments, 7a ,vas completely intact to
hydrogen peroxide alone, but it was decomposed by hypo-
chlorite in aqueous methanol to give various products
among \'I'hich 10 and 13 could not be detecte'd. Reaction
of 7b lrfi th 9, 10-diphenylanthracene peroxide in boiling
18
chloroform gave, in addition to recovery of a bulk of
the sta.rting material, only a trace of 1,3-dimethyl-7-
ethylcaffolide (12b) ,"Thich was detected by TLC on silica
gel. On the other hand, when 7a vlaS treated VIi th an
019
excess of triphenyl phosphite-ozone adduct at -30 ,
1,3,7-trimethyl-caffolide (12a) vlaS obtained in 5% yield.
The above results indicate that the z,.,i tterionic
peroxides (.9.) may be formed at least in part by the
attack of singlet oxygen to the tetraalkyluric acids
(2) in the photosensitized oxygenation. An alternative
pathway involving an electron transfer from a substrate
-56-
to the triplet excited sensitizer may also account
for the formation of the zwitterionic peroxide, as
equations shown belQ1,i. Such an electron transfer


















from the flash photolysis experiments on guanine in
th f th ' , 21e presence 0 lonlne. Although, from the
available data, it cannot be rigorously disting1J.ished
between these hJO mechanisms for the formation of
the zwitterionic peroxide, the direct attack of
singlet oxygen appears to be more favorable in view
of previous reports on the electrophilic properties
of singlet oxygen. 22 ,23
4.3. Experimental




A solution of 1,3,7,9-totramethyluric acid24 (7a)
(2.0 g, 8.90 mmoles) in a mixture of abs. MeOH (100 ml)
ancl CHC13 (5 ml) containing rose bengal (20 mg) 1"las
irradiated by a tungsten lamp for 1 hr as described
previously,3 lliltil OJQTgen (140 ml~ 5.6 mmoles) was
consumed. Tho mixture was evaporated and the residue
was chromatographed on a silica gel colUDm (40 g).
Elution "with CnCl.., (ca. 100 ml) yielded 4,5-climethoxy-
.)
l?3~7?9-totramethyluricacid (10) as a crystalline solid
(0.87 G, 35%). Recrystallization from acetone gave
crystals, m.p. 127-128° (lit. 10, m.p. 133°); which were
identical with 311 authentic s2,J.;lple preparocl accordinG
to the method of :Gil tz o~ 0.110 (by IR) .. Nujol 1730'r max
7.10; Md 7.21 (all singlets, )lJ-J\Ie and -OHe).
Further elution Ilith CHC1 3-acetone (97=3) cave
allocaffeic acid (11) as a semisolid (85 mg, 5%).
Recrystallization from ethyl acetate gave crystals;
identical vli th the authentic samlJlo prepared according
to the method of :Giltzll(bY IR). ifNujol 1790 1730
max ' 9
I f f -1 ( )311 c1 005 em 9 NMR DHSO- (16 9
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Dl.80 (singlet, lH I NIt),
2.42 (i?inglet, IH, OH), 7.41 (singlet, 3H, >N-Me),:i
7.45 (doublet (J = 5cps), 3H, -NIl-Me), 7.18 (singlet,
3H, :;: N-Me).
When a 100 W high-pressure mercury lamp through
a Pyrex filter vTaS used in the photo sensitized O}':;f-




A solution of Ja (2.0 g, 8.90 mmoles) in CHCl,
.)
(100 ml) containing methylene blue (50 mg) was
irracliated by a 100 lif high-pressure mel'cury lamp
consumed. 1I.fter l~emoval of the solvent; the residue
was chromatoGraphed on a silica gel column (40
Elution lrith CHCL. (oa. 300 ml) gave Id,7-triIi1Gthyl-j
caffolide (12a) as a crystalline solid (0.85 g9 42%).
Recrystallization from EtOH yielded crystals, m.p.
o205 )9 which wero identical
with the authentic speoimen prepared according to the
procedure of Biltzll (by IR). LJ NujOt800 1760-16 0 0
max' 7
-1
(..I'V\. j Nl'ilR (enC1 3 ), T 6.84 (sinelet, 3H, > N-I\le), 6.96
5i"1"let, 3H, > N-RIe), 7.14 (sillGlet, 3Il, > N-Me).
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Further elution withCHC13 gave 1~3-dimethylparabanic
acid (l~) (95 mg, 7%), identified by IR.
4.3.2. Photosensitizecl Oxygenation of l-Ethyl-3,7,9-
trimethyluric Acid (7b),
A solution of l-ethyl-3,7,9-trimethyluric acid12
(7b) (2.0 g, 8.4 nmlOles) and methylene blue (50 mg) in
CHC13 (100 ml) was irradiated by a 100 W high-pressure
mercury lamp for 2.5 hI', until oxygen (150 ml, 6.0
mmoles) was consumed. After removal of the solvent, the
residue was chromatographed 011 a silica gol column (30 g).
Elution with CITC1 3 (100 ml) gave the oxygen adduct 14b
as a crystalline solid (0.51 g, 22%). Recrystallizat-
ion from acetone gave crystals, m.p. 101-1030 • If; ~~6H
370200; vliujol 1750-17100 1670 cm-1g t (/ )'max s , mass spec rum me?
270 (parent peak), 241, 226, 212, 196, 185, 170, 156, 143
(base peak). (Found: C, 44.27; H, 5.153 N, 20.15.
CIOIT14N405 requires: C, 44.44; IT, 5.223 N, 20.73%).
Elution with CITC13 (250 ml) yielded 1,3-dimethyl-
7-ethylcaffolide (12b) (0.22 g, l~~). Recrystallizat-
ion from EtOIT gave crystals, m.p. 95-96G (li t., 12 m.p.
93°), which were identical with the authentic sample
...,60-
12prepared according to the method of Biltz ~_! ?l •
(by nixture m.p. and IR) 0 Nujol . -1v 1800~ 1730 em 3
fJ.2.·X
HIm (CDC1,)? T 6.98 (sinGlet? 3H? >N-Ilo)? 7.16 (sinG'let .
.)
3II 9 >}I-rie)? 6.39 (quaTtet (J = 7 cps), 2H 9 > N-:QJI2-Ile)~




(400 ml) [Save Id-dimethyl-
par(1)c!..nic acid (l~) (0.11 [,'9 8%), iclentifiocl1)7 IR.
L~. 3.-30 II~ycll~ol~lsis of l~t~
the residue 11as 8xtrcectocl1"rith acetone (5 ml). The
Gxtract Has purifiecl by preparative thin la;y-or
chromatoc,raphy on silica gol plates usinc CIIC1,-EtOE
.)
(20~1) as a solvont. Bands of Rf 0.70 ~ld Rf 0.50
lroro cut off and then oxtracted wi tIl acetone. F-.cOEl
tho band of I?f 0. 709 1-othyl-3-mothylpal~cJ)Etnic acid
( c:-- r • "oc(/) J-1-' '7!8°(~.Ll·t 25 0 _)J l.i.1G'} c.. j;J '} ~. 1~ • LJ~ -Li- 0 ") 1~1l@J 1 a °)9 1fas
was obtained from the b2~d of Rf 0.50. Both conpounds






accor<:ling to the method of Biltz and Max.12 A suspension
of 12b (0.5 g) in H20 (15 ml) was boiled for 30 min.
After removal of the water, the residue was recrystalliz-
cd from ethyl acetate to give 1,3-ctimethyl-5-hydroxy-
hydal1toin-5-N·~othylcarl)oxyamide(0.21 g, 68%), m.p.
lJ Nujol 1180, 1110,
max
-11650 em ~ NIvIR (CDCL,), 'C'2.94 (sinclet, IH, mI) 3.93
J
(singlet, ill, OH) 1.11 (sinc1et~ 3H):::: Ii-MoL 1.21
(singlet, 3H, ~ N-Me) , 6.11 (quartGt-doub~Gt (J = 1cps,
J = 4cps).2H, -lTH-CH2-Me), 8.85 (triplet (J = 1cps),
3H, -NH-CH2-Me).
4.3.5. Photosensitizod Oxygenatiou of 9-Ethyl-l,3,1-
trimothyluric Acid (1c).
A solution of 9-ethyl-l,3,1-trimothyluric acid (1c)24
(2.0 e, 8.4 mmoles) in CHC1 3 (100 ml) containing methyl-
ene blue (50 mg) was photooxidized as described above
for 12 hI', until oxygen (135 ml, 5.4 mmoles) was consumed.
Aftor removal of the solvent, the residue was chromato-
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graphed on a silica gel column (40 g). Elution with
GHC13 (150 ml) gave 14c as a crystalline solid (0.21
g, 16%). Recrystallization from acetone yielded
crystals, m.p. 94-95°, e ~{gH 38,100, lJ~~Ol ::'140-
1700, 1660 om-I; mm (OnCl), ~ 6.80 (singlet, 3H,
)NMe), 6.86 (singlet, 3H, )N-IVIe), 6.96 (singlet,
3H, >N-Me) , 6.54 (quartet (J = 7 cps), 2I-I, )N-Cli2-Me)
8.96 (triplet (J =7eps): 3H, >N-CH 2-J\1e); mass speotr
(m/e), 270 (parent peak). (Found: C, 44.391 H, 5.39
N,20.28. CIOHLj..N405 requires: C, 44.447 n, 5.223
IT, 20.73%).
Further elution with CnC1 3 (300 ml) gave 1,7-
dimethyl-3-ethylcaffolide (120) (50 mg, 5%).
RecryJtallization from Eton gave crystals, m.p. 103-
o (. 14. 0)105 Ilt., m.p. 102 , Which were identical Iii th
the authentio sample prepared according to the method




), -r 6.88 (singlet, 3H, > N-me) , 7.17 (singlet,
3H, )lif-l,1e) 6.47 (quartet (J = 7 cps), 2H, > lif-OH2-lVIe),
8.78 (triplet (J = 7 eps), 3n,) JIT-CH 2-Me).
further elution with OlIe1 3 (500 ml) gave the
starting material (7e) (0.85 g, 42%).
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4.3.6. Oxidation. of 72" an.d 7b IIi th Sinclet O:x:;nsen from
Various Sources.
The reaction was carried out accor:ling to the
proce..clure of Foote at 3,10 17 il. solution of .1,3 5 7 ,9-tetra-
methyluric acid (7a) (1.0 G9 4~45 mmoles) in ItleOH (300 ml)
1ias cooled Oil an ice-bath, arId 301; H202 (5 TIll, 4S mmoles)
was added. To tho mixture ~~ NaOCl aq (28 m1 9 33 mmoles)
was added dropwise ~mdor stirrinc in a period of 1 hr.
The reaction mixture (pH 8.9) was diluted with H20




Elution 1vi th Cn013 gave l,3-ciimethylparabatlic acid (13)
(60 mg 9 38%), 4,5-dimetho:xy-l,3 9799-tetramethyluric
acid (lO) (5 mg? 2%) m~d the unreacted starting material
(7a) (0.75 g9 75% recovery). These products were
identified by IR.
To a solution of 7a (100 mg) in MeOH (30 ml) 30%
H202 (0.5 ml) was added at room temperature 9 and the
reaction mixture was stirred for 1 hr. The starting
material (7a) was recovered~uroltitatively.
To a solution of 7a (100 mg) ~n IJeOH (3 0 ml) 9%
-64-
NaOGl aq (3 ml) was added as described above. The
reaction mixture was found by TLG to consist of the
unreacted starting material (7a)and three unident~,-fi-
ed compounds, among which 10 and 12 could not be
detected.
B. From 9,10-Diphenylanthracene Peroxide.
The reaction was carried out according to the
18procedure of \vasserman et ale A solution of 1-
ethyl-3,7,9-trimethyluric acid (1.12) (100 mg, 0.42
mmole) and 9.10-diphenylanthracene peroxide (300 mg,
0.83 mmole) in CHC1 3 (20 ml) vvas boiled for 3 days.
A TLC analysis (silica gel, CHC1 7 -EtOH (20:1)) of the
..J
reaction mixture shO"\<iTed the presence of a trace of
1,3-dirnethyl-7-ethylcaffolide (12b) and a bulk of the
unreacted starting material. The starting material
(7b) was recovered over 90%.
G. From the Triphenvl Phosphite - Ozone Adduct.
26According to the procedure of Thompson and
K 1 19 Ll t' h 1 h b't -d ta.p an , Gll0 rlp eny p asp _l e-ozone ad uc ,.vas
prepared from triphen,)l phosphite (6.0 g, 17.0 mmoles)
in CH2C12(200 ml). To the solution a cold solution
of 7a (2.0 g, 8.9 mmoles) in CH2C1 2 (50 illl) was
-65-
added, and the reaction mixture was al101'ITed to warm
slowly to _300 in a period of 8 hr and then to room
temperature. The mixture was found by TLC to consist of
at least six compounds along "lvi tel triphenjl phosphate.
After removal of the solvent, the residue 1Iras chromato-
graphed on a silica gel column (65 g). Elution vvi th
CHC13 (150 ml) yielded triphenyl phosphate (5.3 g. 85%).
Further elution with CHC1 3(500 ml) gave 1,3,7-trimethyl-
caffolide (1213,) (85 mg, 5% based on the reacted ~ .
Recrystallization from EtOH gave crystals, m.p. 205-207°,
>vhich were identical with the authentic sample described
above (by IR). Elution with CHC13 (600 ml) yielded the
unreacted starting material (7a) (0.18 g, 9~0 recovery).
Acetone eluted red brown polymers (0.88 g).
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the photosensitized
5. Photosensitized OXYGenation of
8-Alkoxycaffeines and Related CompoU1~ds
5.1. Introduction
I t ' . t· 1n liO preVlOUS soc lon ,
oJqGenation of various tYl)es of purine derivatives,
including xanthine (l)2, l,3-dimethyl-9-phenyluric
amid (2)3, and 1,3,7,9-totra.methyluric acid (,:2)3
have been carried out. To acco~mt for the products
obtained from these reactions it was proposed that
the reaction proceeds via a peroJdde intermediate
vThich may 1)8 formed by the attack of singlet oJqgen
to the substrate. The nature of the peroxide is
upon tho structural fei:Cture of the imicla-
zolo moiety of the purines.
provid.od further inforoatiol1 cOl1corninc: wi tIl structure
of tho IjoroJdcle intornodiC:tto and. IIi tIl its d.ccomposi t-














Although caffeine easily suffers photosensitized
oxygenation in alkaline meclia4~ it does not ~~dergo
degradation in a neutral organic solvent such as
methro~ol and chloroform. However 9 8-alko~~caffeines are
very sensitive to photosensitized oxygenation even in
methanol. This is oonsistent with the electrophillic
character5 of singlet oxye;on which is regarded as the
r
reactive species in d.ye-sensi tized photooxygenationo.
Substitution of an electr9IT donating alkoxy group to
-70-
the 8-position of caffeine may cause an increase of
electron densities in the system. A similar effect
has been observed in the photooxygenation of 1,4-
dimethox:;r-9,10-diphenylanthracene which does not
give an usual 9,10-endo-peroxide but only a 1,4-endo-
0d 7perOXl e •
5.2. Results and Discussion
When a solution of 8-methoxycaffeine (7a) in
methanol-chloroform (20: 1) vias irradiated in the
presence of rose bengal under bubbling oxygen, 0.8
mole of oxygen was consumed and liberation of 0.6 mole
of carbon dioxide was observed. From the reaction
!
ed in 78~o yield. Its UV spectruril shows a maximum at
218 rnJA- ( 6 28000) ,,,i th a shoulder at 252 mil ( 6 6200) ,
and the IR spectrum shows bands at 3350 (NIl), 1750,
and 1665 em-I. The mm spectrum (Table 1) suggests
the presence of -NIl-Ne, >N-Me, and t1i1O equivalent
-O-Ne groups. These spectral data are compatible
with structure 8a for the product. In order to
ascertain this structure, it should be clarified follow-
-71-
ing three questions; (i) whether one of the 2-methoxy
groups of Sa comes from the solvent methanol, (ii) which
N-methyl group of 7a is expelled in the course of the
reaction, and (iii) which N-methyl group of 7a is
converted to the 4-methylamino group in Sa. The st:rnctu-
ral assignment for Sa was confirmed by results ob~2~ned
in the photosensitized oxygenation of various N-alkylat-
ed 8-~lkoxyxanthines. The results are summarized in
'::.able 1 wL:.8h :i_ncludes also the NI'lR d/);J:a., of the products.
_s_en_s_~_~_R~'~C~:l~~R1 NHC~~(
2 ~~ 4 9
R1
p R3 R R R."2 2 3 L'r
7a Me Me 1'110 8a Me He Me
7b Me llle Et 8b Me Me CD3
7c Et Me Me 8e Me Me Et
7d Et Et IYle Sd Me Et CD3
8e Me Et Et
Sf Et Me Me
Sg Et ;:e CD3
-72-
Photosensitized oxygenation of 7a in rnethanol-d
- L~
and in ethanol yielded the corresponding produots
8b (28%) and 8c (33%)? respectively. The NIvlR spectra
of 8b and 8c are virtually tho sarne as that of 8a
except that one of tho two equivalent rnethoxy groups
(1;·6.80) of 8a is relJlacod. by a metho:xy ..:r1
3
group in
8b and by an ethoxy group in 8c. It is? therefore?
obvious that the solvent alcohol has been incorporat-
ed into one of the tHO alkoxy groups of 8a? ~b9 2nd
8e. F'rorn above results and the fact that tho two
methoxy groups of 8~ is Taag-netically equivalent? it
could 1J8 suggested that the alkoxy group incorporated
from the solvent alcohol is introduced at the S3~8
position as the 8-methoxy croup being originally
presont in 7~? providod that a drastic skeletal change
of the imidazole moioty of ]a does not occur in tho
course of the reaction. This was futher supported
by the follovring e:x:periLlonts.
Photooxycenation of 8-ethoxycaffoine (71?) in
methanol yielded a product (71%) which was identical
wi tll 8c. Under similar conditions 7b afforded 8d
(24%) in methanol-elL! &"1(1 8e (25%) in ethmol. The
r
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Table 1. 'fhe formation of the imidazolinones 8 from 7 and theNMR data of 8
°2 CO2 Yield NMR data for protons of ~ C.
7 Solvent consumed evolved of 8 8
-NR-h(R 4OH) (mmol e) (mmole)
- )N-Me R R3 R(%) 2 4
7a Me OR 0.81 O.ED 78 sa 7.18s
- - 7.188 4.10 7. o::xJ. ( J=5) 6.808 6.80s
'Z.c MeOIi 1.23 1.10 28 8a
-
7a MeOII-d4 0.57 ND£ 28 8b 7.188 4.15 7.mi(J=5) 6.828 -
-
7a EtOH 0.80 ND 33 8c 8. 73t ( J =7 ) Ii
- - 7.188 4.15 7.00:l( J=5) 6.83s 6.Z8 ~U J==7.tJ=9 jd7b MeOfl 1,04 0.57 71 Be 6.72q =7. =9
- -
7b MeOH-d4 0.58 ND 24 ad 7.2)s 4.40 7.03:l( J=5)
8.81t(J=7 )
--6.60m
- 8.82t (J=7) 8.82 t (J=7)7b EtOH 0.71 0.73 25 8e 7.18s 4.m 7.05d( J=5)
- -
6.60m 6.60m
'7d MeOR 0.76 1.20 57 Sf 7.ZZs 4.::6 8.75t(J=7) 6.84s
- -
6. 53qd( J =7 • J =5) 6.84s
'7d Me0R-d4 0.84 ND 83 8g 7.ms 4.25
8.75tCJ=7) 84
--6.EO}d(J=7.J=5) 6. s
a Chemical shifts were given by r-value. Coupling constants (parentheses) were given by c.p.s.
The following abbreviations were used: s. singlet; d. doublet; t. triplet; q. quartet; m. multiplet,
!2 These Nfl-protons appeared as a broad 8 inglet.
c Not determined.





Nr~R spectra of these two products are quite analogous
to those of the imidazolinones 8a, 8b, and 8c (Table
1). Ful~thermore, in the MNR spectrum of Se signals
attributed to the two ethoxy groups appear magnetical-
1y equivalent as those attributed to the two methoxy
group of 8a.
Similarly, l-ethyl-3,7-dimethyl-S-methoxyxanthine
(7c) gave 8a, the same product as that from 7a in
methanol, in 2S7b yield. The result clearly indicates
that tho I-N-ethyl group "I'I"8.S expelled in the course
of the formation of Sa from 7c. In the case of the
photosensitized oxygenation of 7a in ethanol, the
fate of the I-If-methyl group was found to be the
formatiol1 of ethyl N-methylcarbaraate Cst., Rl =lV[e, R4=Et)
"lihich was obtained in 6S;b yield.
In order to gain information on the origin of
the N-methylamino group (-NH-R2 in formula.§) of the
imidazob.l1one Sa, Sb, 8c, 8d, and Se, the photooxyge-
nation of 1,3-diethyl-7-methyl-S-methoxyxanthine (7d)
was carried out. Thus 7d gave Sf (57%) in methanol
and .§g (837b) in methanol-d4 . The UV, IR, and NJ:lffi
spectra of both products are quite analogous to those
-75-
)f the imictazolinones obtained above, but the liJ"l'vIR
3pectra of 8f end 8g exhibi t siGilals attributed to an
~~H-Et group (Table 1). The results ostablished that
bhe 4-~lkylamino group (-NH-R2) of the imidazolinones
3a-8g is derived from the 3-N-alkyl group of the start-
Lne; xanthine d.erivatives 7El:.-L~.
Althoue;h the above results strongly support
~tr11cture 8 for the imidazolinones. if we assume that
- '
lrastic ~celetal chrocges did occur in the course of
bhe photoo:xye;enation~ other possible Gtructvres ],,_<2, II,
~_~? L?5 artd 14 for the lJhotco:ziclation product would
3ncl 12 are ruled out from the fact that the photooxyge-
lation o±~ 7b in ['leth3nol affol~c:"od_ the same product 8e
:l,S the product obtained from lEl:. in etha.nolo 0 For the
formation of )-3 Mel 14 from 1, one must consicler
~omp~icatedmechanisms involvinc nigration of the
~lkoxy carbon atom at 8-position of I to 5-position
)f o~.l ancl 14. In order to eliminate such unusual
TIechanisms, a tracer e~)erimont usine; (8_14C) -labeled
*)3-metho]Qrcaffeine (7a was carried out.
R2BN:r~~O :r~~;R4~:r~1l3(",R3)R4d R3 ("R4) R4(o,lIo) 114c?----
10 11 12
13 14
The imidazolinones .§. are extremely sensi tive to
hydrolysis. Thus, on treatment with aqueous acetic
acid at room tenrperat'llre Sa, Sc, and So yielded 1,3-
dimethylparabanic acid (15a) in 91, 54, and 45% yield,
respectively. On the other hand Sf was hydrolyzed
under the same conditions to Give no 1,3-dimothyl-
parabanic acid (15a) but only l-ethyl-3-methylIlarabanic
acid (15b) (26%). The results can be explained by
a mechanism shown in Scheme 1.
The derivation of Sa to l,3-dimethy1parabanic
acid (15a) was applied to the tracer experiment. The
(S_140) -labeled S-methoxycaffeine C7a*) was prepared,
-77-
and it was submitted to photosensitized oXYGenation
under the standard conditions. The radioactive imida-
zolinone (8a*) obtained was hydrolyzed with aqueous
acetic acid to yield the aotive 1,3-dimethylparabanic
aoid (15a*) which was then hydrolyzed with baryta into
aotive 193-dimethylurea (16a*) and practically inaotive
8barium oxalate. The data are ShOIVll in Scheme 2. The
resul ts olear13T demonstrate that the 2-carbon atom of









°11 Me Me Me Me
t:): N\*OMe;):_"CNi<0M_e----7°"r-~* NH*/T~-- >' - O~i;i ° + Ba(COO)2
--N/ OMe °
. N 6
Me Me N Me . Me (O.07XIO)
7a* 8a *
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The formation of the imidazolinones 8 from the
trialkyl-8-alkoxy-xanthines 1 0&1 be rationalized
by scheme sho,n1 in Scheme 3. On the basis of the
previous findinGs3, it is most probable that sinGlet
oxygen attacks the starting material 1 to form a
5,8-endg-peroxide intermediate (17). Such a cyclic
t '· 3xan l1.lno.
peroxide has been proposed for the initial inter-
mediate in the photosensitized oxygenation of x&lthinc:
(l)2, 9-phenylxanthine 9 3 and 1,3-dimethyl-9-phenyl-
The solvent aloohol (R40H) adds to the
intermediate poroY~do II to form en alkoxy hycu'opero-
xide 18 which is, . then, tautomerized to a six-membered
cyclic peroxide 19. A similar mechanism involving
such a tautomerization has been proposed for reactions
involving a ketone hydrolJeroxicLe39 9910. Pero~;;:ide
19 loses alkyl isocyanate (2l)to give 20 which C&l
be decarboxylated to form the imidazolinone 8. The
alkyl isocyanate reacts with thc: solvent alcohol to
give alkyl N-alkyl-carbamate (2) which was isolated
from the reaction mixture in one case •
....79-



















































5.3.1. Photosensitized Oxygenation of 8-Methoxycaffeino
(7a).
A. In ]\IIeOn
A solution of 8-methoxycaffeinell (7a) (1.00 g,
4.46 rn...'1lo1es) in HeOH-CHC13 (20:1, 100 ml) containing
rose bengal (50 mg) 1-ras irradiated at room temperature
by a 100 W high-pressure mercury lamp through a Pyrex
cooling jacket. During the irradiation oxygen was
bubbled by a circulating pump through a sintered-
glass joint which was attached at the bottom of the
reaction vessel. Oxygen consumption was manometrical-
ly followed. Carbon dioxide liberc!ted was trapped
with Ba(OH)2 aq. Oxygen consumption was ceased after
oxygen (90 ml, 3,6 mmoles) had taken up in 1 hr.
Carbon dioxide was determined by weighing barium
carbonate precipitated. After removal of the solvent
in vacuo, the residue was dissolved in 20 ml of
acetone-ether (1:3). The solution, when cooled at
_700 with a dry ice-acetone bath, deposited crystals
(0.65 g, 7Ef/o). Recrystallization from acetone gave
l-methyl-2, 2-dimethoxy-4-methylamino-3-imidazolin-5-
·-8l-
one (8a), m.p. 114-115°. ).EtOHmax 218 mfi (c 28000),
C,44.91j H, 7.06; N, 22.49.
252 m,ll (c 6200),
cm-l (Found:
v Nujol 3350, 1750, and 1665
max
'v'llien the irradiation was made with a tungsten
lamp, virtually same results were obtained. In the
absence of rose bengal no oxygen consumption was observed
and the starting material was recovered quantitatively.
B. In CD30D
A solution of 7a (0.40 g, 1.8 mmoles) in CD
3
0D
(9 ml) c~ntaining rose bengal (5 mg) was photooxidized
under the same conditions. The mixture was worked up a.s
described above to give 8b (90 mg, 28%), m.p. 114-115°.
C. In EtOH
A solution of 7a (4.00 g, 17.8 mmoles) in EtOH
(100 ml) and CHC13 (20 ml) containing rose bengal (50 mg)
was photooxidized in the standard manner for 3 hr.
( °VPC analysis silicon DC at 70 , "lith DIc1F as an internal
standard) of the mixture revealed that the mixture
contained ethyl N-methylco.rbamate (3.) (1. 25 g, 68%).
Fractional distillation of the mixture at the ordinary
o
atmosphere gave pure ethyl N-methylcarbamate, b.p. 170 •
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which was identical with an authentic samp16 (by IR
and VPC). The residue was chromatographed on a
neutral alumina column (60 g). Elution with mIC13
(180 ml) e,'ave l,3-dimethylparabanic aoid (15a) (0.12
g~ 5%). FUrther elution with eHC1 3 (300 ml) gave
a semisolid (2.8 g). Recrystallization from acetone
gave 1-~ethyl-2-ethoxy-2-methoXY-4-methy1amino-3­
imidazolin-5-one (8c) (1.20 g, 33%), m.p. 103-104°.
A EtOH 218 mp, ( e 27800) 252 m p, ( e 6200) l/lifujol
max ' , max
" -1 ( ,3300, 1730, and 1605 em • Found: C, 47. 03 ~ H,
7.63; N, 20.59. C8H1SN303 requires: C, 47.75; H, 7.51;
N, 20.88%).
5.3.2. Photosensitized Oxygenation of 8-Ethoxycaffeine
(7b).
fl. In MeOH
1::.. solution of 8-ethoxycaffeinell (7b) (2.00 g,
8.4 mmoles) in MeCH-CHC1 3 (20:1, 100 ml) containing
rose bengal (50 mg) was photooxidized for 1 hr. The
solvent was evapo:rated in vaouo and the residue Was
crystallized from ~cetone-ether (3:1, 20 ml).
Recrystallization from aoetone yielded orystals (1.20
-83-
g, 71%), m.p. 103-1040 , which were identical with 8e
obtained above (by mixture m.p., IR and 1~1R).
B. In CD30D
A solution of 7b (0.30 g, 1.3 mmoles) in CD30D
(9 ml) containing rose bengal (10 mg) was photooxidized
as usual. After treatment of the mixture as described
above, 8d (60 mg, 24%) was obtained, m.p. 103-1050 •
C. In EtoH
A solution of 7b (2,00 g, 8.35 mmoles) in EtOH
(150 ml) and CHC13(5 ml) containing rose bengal (20 mg)
was photooxidized using tungsten lamp for 5 hr. After
removal of the solvent in vacuo, the residue was chromato-
graphed on a neutral alumina column (50 g). Elution
with CHC1 3 (250 ml) gave a semisolid. Recrystallization
from acetone yielded 8e (0.45 g, 25%), m.p. 108-109°.
EtOH ~ . 1
,t 218 m,u ( c 28000), 252 mu( c 6240) 1/ I uJo 3300
max ' max '
-11715, and 1650 cm .
5.3.3. Photosensitized Oxygenation of l-Ethyl-3"
7-dimethyl-8-methoxyxanthine (lQ).
A solution of l-ethyl-},7-dimethyl-S-methoxyxan-
thine12 (lQ) (0.70 g, 2.9 mmoles) in JJIeOH (SO ml) and
CHC13 (5 ml) containing rose bengal (20 mg) vms photo-
...,84-
oxidized in the standD.rd manner for 3 hr. After
removal of the solvent, the residue was chromato-
graphed on a neutral alumina column (15 g). Elution
with GRG13 (200 ml) gave crystals (0.15 g, 28~~),
m.p. 113-114°, which were identical with 8a (by
mixture m.p. IR, and N~ffi).
5.3.4. 1,3-Diethyl-7-methyl-8-methoxyxanthine (1£)
This compound was prepared from 1,3-diethyl-
. 13
xanthine- by the known method for the synthesis
of 8-alkoxycaffeinell , m.p. 143-147°, N~ffi (DCD1 3),T
8.70 (triplet (J = 6.5 cps), 3H, > N-GR2-Ne), 8.67
(triplet (J = 6.5 cps), 3R, >N-CH2-~' 6.34 (singlet,
3R, >N-~, 5.90 (singlet, 3R, -ONe), 5.90-6.20
(multiplet, 4H, > N-CII2-tie). (l<"'ound: C, 52.06; H;
6.40; N, 22.29. CnH16N403 requires: C, 52.37;
II, 6.39; N, 22.21%).
5.3.5. Photosensitized Oxygenation of 1,3-diethyl-
7-methyl-8-methoxyxanthine (7d).
A. In~MeOR
A solution of 1£ (1.00 g, 4.0 mmoles) in MeOR
(50 ml) and GRG13 (5 ml) containing rose bengal
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(20 mg) was photooxidized under the standard conditions
for 2 hr. After removal of tho solvent in vacuo, the
residue was chromatogr3phed on a neutral alumina column
(20 g). Elution with 50 ml of benzone-CHC13 (1:1)
yielded an oil (0.45 g, 57%), which crystallized upon
standing overnight. Attempts to recrystallization were
unsuccessfuL In order to obtain an analytical sample,
the crystals were again chromatographed on an alu.l!lina
column to give pure 8f, m.p. 75-770 • A ;=~H 218 mp
(26000), 253 mp ( € 6000), IINujol 3300, 1725, and 1655
max
-1 (
cm Found: C, 47.43; H, 7.49; N, 20.51. C8H15N303
requires: C, 47.75; H, 7.51; N, 20.88%).
B. In CD30D
A solution of 1£(0.50 g, 2 mmoles) in CD30D (18 ml)
containing rose bengal (10 mg) was photooxidized under
the standard conditions. The solvent "l'lB.S removed in
vacuo and the residuew2s chromatographed on a neutral
alumina column (10 g). Benzene (50 ml) eluted §g (0.34
g, 83%), which crystallized upon standing overnight,
o
m.p. 74-75 •
5.3.6. Hydrolysis of 8 with Aqueous Acetic Acid.
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A solution of 8a (40 mg) in H20 contcJining three
drops of acetic acid was kept a.t room temp for 24 hr.
To the solution H20 (SO ml) and CHC13 (50 ml) was
added. The chloroform layer was separa.ted and evapo-
rated to dryness. Crystallization of the residue from
acetone gave, 1,3-dimethylparabanic acid (15a) (28 mg,
91%) • SimilarlY:1 8c and Se was hydrolysed l'fi th
aqueous acetic acid to give 1,3-dimethylpardbanic acid
(lSa) in 54 and 45% yield, respectively, but no I-ethyl
3-methylparabanic acid could be detected on TLC. On
similar treatment with aqueous acetic acid, 8f (50 mg)
afforded l-ethyl-3-methylparabanie acid (15b) (10 mg,
26%). Recrystallization from acetone gave crystals,
o (. 14 0)m.p. 45-48 ht. m.p. 44. No 1,3-di;}f"thyl-
parabanic a.cid lias detected by TLC analysis of the
mother liquor.
/ 14"
5.3.7. lS- C)-8-Methoxyeaffeine (2£*).
Theophylline labeled at 8-position with[14c]was
prepared from 1,3-dimethyl-4,5-diaminouracil13 and
". 14 "-formic aeid contnining 0.5 me of l C J-formic acid
according to tho method of Speer et al13 .
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Nethylc:.1.tion of (S_14C) -theophylline v,i th dimethyl sul-
fate gave (S_14c )-caffeine which, on chlorination and
subsequent methoxylation according to the method of
-- t 11rius on , gave (s_14c} -S-methoxycaffeine (7a*)(3.26 x
5.3.S. Photosensitized Oxygenation of Is_14c) -S-
J\lethoxycaffeine (7a*) in Nethano~.
A solution of ( S_14CJ-S-methoxycaffeine (7a*)
(4.00 g, 16.8 mmoles, 3.26 x 106 cpm/mmole) in MeOH-
CHC13 (6:1, 200 ml) containing rose bengal (50 mg) was
photooxidized under the standard conditions. Carbon
dioxide libergted was trapped as barium carbonate (1.70
g, 48%, 660 cpm/mmole). Recrystallization of the
product gave (2_14C ) -Sa (2.32 g, 69~~, 3.01 x 106 cpm/
mmole), m.p. 113-114°.
5.3.9. Acid HyQrolysis of l2-14CJ-1-Methyl-2,2-
dimethoxy-4-methylamino-3-imidazolin-5-one(Sa*)
A solution of Sa* (2.00 g, 10.7 mmoles) in aqueous
acetic acid was treated as described above to give
(2_14C J-l,3-dimethYlParabanic acid (15a*) (1.05 g, 69%,
2.S04 x 106 cpm/mmole). A solution of 15a* (0.95 g,
-S8-
6.7 @uo10s) in 3% aqueous barium hydroxide (100 ml)
was kept at 40-500 for 15 min according to the proce-
8dure of Behrends et al. Barium oxalate (1. 45 g, 9576,
7.05 x 104 cpmjmILlole) precipitated ,¥DS collected by
filtration.. The filtrate was evaporated in vacuo
to dryness. The residue was extracted with acetone
(50 ml). After removal of the solvent, the residue
"I'laS crystallized benzene to give [ l4C ) -IJ ,N-dimethylurea
(0.17 g, 29%, 2.698 x 106 cpmjmmole).
References
1. Seo section 2-4 of Chapter I.
2. See soction 2 of Chapter I.
3. T. lViatsuura and I. Saito, Tetrahedron Letters,
See also section 3 and 4 of Chapter I.
4. K. Zenda, 1"1. Saneyoshi, and G. Chihara, Chern.
Pharm. Bull., 13, 1108 (1965).
5. K. R. Kopecky and H. J. Reich, Can. J. Chern.,
43, 2265 (1965).
6. C. S. Feete, Accounts of Chemical H.esearch, 1,
104 (1968).
7. C. Dufraisse, J. Ragaudy, J. J. Basselier, and
-89-
N. K. Cuong, Compt Rend., 260, 5031 (1965).
8. R. Behrend and L. Tricke, Ann., 327, 253 (1903).
9. T. Natruura, H. Matsushima, and H. Sakamoto, J.
Am. Chem. Soc., 89, 6370 (1967).
10. A. Nishinaga, H. J. Cahnmann, H. Kon, and T.
JVIatsuura, Biochemistry, ]., 388 (1968).
11. R. C. Huston and 1;1. F. Allen, J. Am, Chem. Soc.,
56, 1356 (1934).
--
12. H. Biltz and F. I'lax, Ann., 414, 71 (1917).
13. J. H. Speor and A. Raymond, J. Am. Chem. Soc.,
75, 114 (1951).
14. R. Andreasch, Ber., 31, 138 (1898).
-90-
6. Photosensitized Oxygenation of
9-Phenylguanine
6.1. Introduction
A large number of workers demonstrD.ted that
irradiation of bacteria or virus by visible light
in the presence of a sensitizing dye causes inacti-
t . 1va lon • This photodynamic inactivation is known
to be maj_nly due to the selective degradJ.tion of
guanine residues in DNA by photosensitized oxygen-
t " 2a lon • It is, therefore, of interest to understand
the chemical mechanisms of the photodynamic degra-
dation of guanine derivatives.
It has been demonstrated that lumichrome-
sensitj_zed oxygenation of guanine(l) in an aqueous
solution results in a complex mixture of products
from which guanidine(~), paraba.nic acid (~), and
carbon dioxide can be detected3 . On the other hand,
Sastry and Gordon reported that the photosensitized
oxygenation of guanosine(4a) affords guanidine (l),
ribosylurea (5a), urea (2) and ribose (1)~ Since
-91-
the chemical mechanisms of these reactions remains
unknown, the investigation on the photosensitized oxy-
genation of 9-phenylguanine (4b), a simple analo0.Lue of
guanosine (4a),has been carried out. Furthermore, an
attempt to propose possible mechanisms for the photo-
sensi tized oxidation of guanine (JJ and guanosine (4a)
is presented in this section.
6.2. Results and Discussion
When an alkaline aqueous solution of 9-phenylgua-
nine(4b) was submitted to photosensitized oxygenation
in the presence of rose bengal, 1.4 moles of oxygen
was consumed. Acidification of the reaction mixture
liberated carbon dioxide (0.6 mole), which was detected
by converting into barium carbonate. The TLC analysis
of the acidified mixture showed that it consisted of
a complex mixture of products, among which phenylurea
(2..12) and a trace of N-phenylparabanic acid (212) w-as
detected. From the reaction mixture guanidine-hydro-
chloride (1) could be obtained in 5% yield as an only
isolable product. The above reaction is quite similar
-92-




From the above result and a series of the
results mentioned in the previous sections of Chapter
I on the photosensiti~ed oxygenation of various
. d . t . 5 t 6 . t . d·blpurlne .er1va lves t 1 1S propose POSSl e
mechanisms for these rea.ctions.
The structure of the peroxide intermediate in
the photosensitized oxygenation of purines depends
upon the structural feature of their imidazole moiety.
When two double bonds are present in the imidazole
moiety as in §t an endo-peroxide such as 2 might
be the intermediate. Thus, the formation of allan-
toin (10) from xanthine (§) is well rationalized
by a mechanism involving a 5 t 8-endo-peroxide (2)
as shown in Scheme 1 6 . Similarly t 4 t 5-dimethoxyuri.c
-93-
acid derivative~ (l:~) is considered to be formed via
a 4,8-endo-peroxide (12) from 9-phenylxanthine (n)7.
The results suggest that the intermediate in the photo-
sensitized oxygenation of guanine (~) may be a 5,8-
endo-peroxide (14), which is converted to a hydroperoxide
15 as shown in Scheme 2. On the other hand, in the
photosensitized oxygenation of 9-phenylguanine (4b)
or guanosine (4a) a 4,8-endo-peroxide (16) could be
the intermediate, which is similarly converted to 15
(Scheme 2). The hydroperoxide 15 is then dehydrated
to give 17.
As the hydrolytic decomposition modes of 17, two
pathways may be considered. Via path a, 17 is hydro-
lysed to give 18, which is then decomposed to yield
N-formylguanidine8 (19) and N-alkylparabanic acid (1).
Oxidative decarboxylation of 19 might afford guanidine
(2) and carbon dioxide. The above mechanism can also
account for the Behrends' results9 ,10 with l4C-labeled
guanine, namely parabanic acid (1), guanidine (l),
and carbon dioxide contain C-8, C-2, and C-6 carbon
atoms of the original guanine, respectively, and
guanidine (g) and carbon dioxide arise from the same
-94-
intermediate.
The intermediate 16-may be hydrolysed via an
alternative route (path b) to give 2-iminoalloxan
(20) and Iif-alkylurea (2). 2-Iminoalloxan is extremely
unstable under the conditions employed. Paper chroma-
tographic analysis showed that the rGaction mixture
of 9-phenylguanine (4b) contained one of the decom-
position products of 20. The result suggests that
20 may be also involved as an intermediate in the
photosensitized oxygenation of 9-phenylguanine.
,< - -'-] h ,. . l' 10A.l v~loug mecnanlsms lnvo vlng an energy- or
electron-transferll between guanine (1) and the
excited triplet sensitizer have been postulated in
the photosensitized oxygenation of guanine, it is
more favorable from the results previously mentioned
in Chapter I, that the singlet oxygen is involved
in the present photosensitized oxygenation5 .
However, the detailed mechanism for the initial
attack of an oxygen molecule to purine derivatives
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9-Phenylguanine (4b) was prepared according to the
method of Robins et al12 : Phenylparabanic acid (3b)
was prepared by the condensation of phenylurea ('5b)
with ethyl oxalate according to the method of Dieck-
mann .£t _al13 . 2-Iminoalloxan (£Q) was prepared by the
method of Kaess et al14 .
6.3.2. Photosensitized Oxygenation of 9-Phenylguanine
(4b).
A solution (pH 13.1) of 9-phenylguanine (4b) (400
mg, 2 mmoles) in 0.07 N sodium hydroxide (180 ml~ 15
llllTIoles) containing rose bengal (20 mg) was irradiated
by a 100 W high pressure mercury lamp for 2 hr. After
the oxygen (62 ml, 2.8 mmoles) had been consumed, the
reaction mixture (pH 12.2) was acidified to pH 2.0 with
6 N hydrochloric acid. Carbon dioxide (1.2 lllilloles)
liberated was trapped ,vi th an aqueous solution of
barium hydroxide. The acidified mixture was concent-
rated in vacuo to dryness. The residue was dissolved
in hot methanol (100 ml). The methanol extract was
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subjected to thin layer and paper chromatography.
The thin layer chromatographic analysis (silica gel
G, CHC13-EtOH, (10:3)) of the methanol extract
showed that it consisted of at least oight compounds,
among which phenylurea (5b) at Rf 0.50 and a trace
of phenylparabanic acid (3b) at Rf 0.25 were detected.
The paper chromatogram of the extract was com-
pared with that of the methanol extract which was
obtained in the same treatment of an alkaline aqueous
solution (pH 13.2) of 2-iminoalloxan (20). The
reaction mixture from 2-iminoalloxan (20) sho>vod
four spots (unchanged sta.rting material (20) at
Rf 0.35 and three compounds at Hf 0.30, 0.10, and
the origin) on paper chromatogram using n-butanol-
acetic acid-water (4:1:5) as a solvent. The
compound at Rf 0.35 was also detected by the paper
chromatographic analysis of the photooiidation
mixture of 4b.
After concentra.tion of the methanol extracts
from 9-phenylguanine, the residue was chromatographed
on a neutral alumina column (20 g). 8lution with
500 ml of ethyl acetate-EtOH (1:1) gave guanidine-
-99-
hydrochloride (£) (11 mg, 5%), which was identified by
the comparison of its IR spectrum with that of an authen-
tic sample. Further elution with EtOH gave a brown
oily materials (250 mg).
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"Tho demonstrated that Pseudomonas riboflavinus
CHAPT.8R II
OXIDATION OF' QUINOXALINE-2, 3-DIOLS
AS A POSSIBLE NODEL FOR THE BIOLOGIClili
DECOMPOSITION OF IUBOFLAVIN
1. Introduction
The first significant observation on the biological
decomposition of riboflavin was reported by Foster
J.. ~ll
.2Jc.!:L ,
catalyzed the hydrolysis of riboflavin to lumichrome
and ribi tal, follmved by the oxidation of the latter to
carbon dioxide. Miles and Stadtman2 reported that a
microorganizm degrades riboflavin to 6,7-dimethyl-9-(2'-
hydroxyethyl) isoalloxazine under anaerobic conditj_ons.
Recently the isolation of 6,7-dimethyl-9-(2'-carboxy-
ethyl) isoalloxazine, related to the above isoalloxazine,
from urine of sheeps was reported: Such types of the
degradation of the side chain of riboflavin seem to be
related to the photochemical degradation of riboflavin4 .
Another type of the biological decomposition of
riboflavin has been investigated by Stadtman and collabo-
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ratorsS,6,7.8,9. They demonstrated that a different
strain of P. riboflavinus degrades the isoalloxazine
portion of the molecule. Thus riboflavin is oxidized
to 3,4-dimethyl-6-carboxy- d-pyrone (]) via 2,3-diketo-
quinoxaline derivatives, 1., and 1,.
2 3
Although the mechanism of this microbial degra-
dation of riboflavin has not yet been est~blished,
it has been suggested that the metabolic conversion
of 1. to 1. may involve a mixed function oxygenase
enzyme and that the conversion of 1, ~ 1 is a
multistep process in which the presence of molecular
-103-
oxygen ,plus anyone of several cojsubstrates capable of
pyridine nucleotide linked oxidation are required9. In
order to contribute to the elucidation of the mechanism
of this biological oxidation, invGstigation on the
oxidation of the metabolic intermediates, .1 and z., and
also of a simple analog of £, quinoxaline-2, 3-diol (~),
were examined by chemical means and presented in this
chapter. To our best knowledge, the chemical oxidation
of quinoxaline-2,3-diol derivatives has not appeared in
the literature, although quinoxaline itself undergoes
oxidative cleavage of its benzene ring under drastic
conditions to give pyrazine-2,3-dicarboxylic acidlO •
-104-
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2. Alkaline Ferricyanide Oxidation
of Quinoxaline-2,3-diols
2 .1. Results
The autoxidation of three quinoxaline-2, 3--diol
derivatives, i.e., l-ribity-2,3-diketo-6,7-dimethyl-l,
2,3,4-tetrahydroquinoxaline (1), 6,7-dimethylquinoxa-
line-2,3-diol (Z), and quinoxaline-2,3-diol (i), was
examined in alkaline media. These compounds were quite
stable under the conditions employed. However, alkaline
ferricyanide ,,-hich is knmm to be a one-electron trans-
fer oxidizing agent was found to be cu_pable of oxj_diz-
ing these quinoxalinediols. Quinoxaline-2-3-diol (1)
was slowly oxidized Vii th alkaline ferricyanide in a
ni trogen atmosphere to give hlO products. One was
obtained in 27% yield and identified as cis, tr8n~-
muconic acid C2J through its spectral data and through
its conversion to trans, trans-muconic acid by
ultraviolet irradiation. The other product, which
vJ8_s soluble in aqueous alkali but insoluble various
organic solvents, was obtained in low yield and could
not be isolated in pure form.
Its UV spectrum (Figure 1) is similar to that of the
-106-
starting material except for an additional band at
265 mit
t " 1lves •
which is usually present in biphenyl deriva-
This suggests that the structure of the
second product may be represented either by a 5,5'
(~) or by a 7,7' dimer (7). Since the 5,5' dimer
(~) "lv-hich was obtained by an unambiguous synthesis,
was not identical with the product, we tentatively
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Wavelength, m,u..
FIGURB 1. Ultraviolet Absorption Spectra of Quinoxaline-
2,3-diol (i)( --~- ), (7,7'-biquinoxaline)-2,2',
3,3'-tetrol(1)( ---- ), and (5,5'-biquinoxaline)
-2,2', 3,3'-tetrol (2) ( --- - --- ). (a) In 0.1




(~) Hi th alkaline ferricyanicLc was easior than that
the formation of a lactonicl" y,-'-~TOBul tedof 4
acid CSH1004 (16 %)9 an acid C10HSN204 (20 %), and
polymers. Structure ~ was assi~Lcd to the lac tonic
acid on the basis of its spectral properties. The
In (vKEr 17~Oo 1720max 'T 7 9
212 in It) absorption spectra shm-rccl an a ,J3-unsaturated
r-lactone ring and a carboxylic group. In the lIT1R
spectrum, signals of two methyl groups were observed 5
one is attributec_ to the 4-methyl group (orS.45,
singlet) and the other to the 3-meth;y-l gToUp (q490,
doublet, J ~ 1.5 cps). Signals of one vinyl proton
(T4.1S, quartet, J" = 1.5 cps) ancl two carbo-




to its assignment as 6-earboxy-7-methylquinoxaline-
2,3-diol (2). The UV spectrum showed similar absorptions
to that of ~ (Figure 2) and the IR spectrum showed bands
-1
of a carboxylic group at 1690 em ,a carbonyl group
-1 -1
at 1675 em ,and an amide group at 3500 cm • The NMR
spectrunl showed the presence of two aromatic protons
( ~2.89 and 2.63) and a methyl group ( T7.55, singlet)
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FIGURE 2: Ultraviolet absorption spectra of 6,7-
dimethylquinoxaline 2,3-diol (£)( ---- )
and 6-methyl-7-carboxyquinoxaline-2,3-
dial (~)( ---- ). (a) In 0.1 N sodium




1,2,3,4-tetrahydroquinoxaline (1) with ferricyanide
was carried out in 0.1 n aqueous alkaline solution,
since 1 is known to be more labile to alkali than £,
yet stable in 0.1 N alkali. Thin layer chromatography
showed that the reaction product consisted of at least
eight compounds. Of these products three £, §, and.2,
were isolated. Some of the starting material was also
detected. The results indicate that in the course of
the ferricyanide oxidation 1 is converted to .£ by
oxidative elimination of the ribityl side chain.
2.2. Experimental
2.2.1. Materials
Quinoxaline-2,3-diol (i) was prepared according to




315 (612,000),326 (14,500),340 mtt(ll,OOO).
6, 7-Dimethy1quinoxaline-2, 3-dio1 (g) WdS prepared
according to the method of Tsai et a13 .; AO. 1 N NaOH
max
321 (613,000),335 (17,500), and 345 mtt(12,000).
1-Ribityl-2,3-diketo-6,7-dimethy1-1,2,3,4-tetra-
hydroquinoxa1ine (1) was prepared according to a
modification of the procedure of Miles et a14• A
mixture of 5 g of 2-(N-ribitylamino)-4,5-dimethy-
1ani1ine Bud 100 g of diethyl oxalate was heated
at 140-1500 under nitrogen for 2 hr. Removal of
diethyl oxalate followed by trituration of the
residual oil with 100 ml of methanol yielded a
grayish green solid. Two crystallizations from
acetic acid afforded 1.5 g of 1 as colorless needles:
mp 257-2600 ; A~~; N NaOH322 (612,000),334 (13,500),
and 350 mtt (9500). (Found: C, 55.16; H, 6.~35; N,
8.85. C15H20N206 requires: C, 55.55; H, 6.22;
J'J,8.64%).
2.2.2. Alkaline Ferricyanide Oxidation of
Quinoxaline-2,3-dio1 (4).
To a solution of 5.0 g (0.03 mole) of quinox-
aline-2,3-diol in 500 ml of 2 N sodium hydroXide
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was added 30 g (0.09 mole) of potassium ferricyanide.
The mixture was stirred under nitrogen for 24 hr.
Acidification of the mixture with 12 N hydrochloric
acid deposited unreacted starting material (3.0 g)
which was collected by filtration. The filtrate was
extracted with ether, and a yellow solid (0.48 g, 27%
on the basis of the reacted 4), obtained after evaporat-
ing the extract, was recrystollized from ethyl acetate
to give gis, trans-muconic acid: mp 188-190°· JEtOR
- , max
255 m,u ( c 24,500) and l}fujol 900 and 720 em-I. (Found:
max
Ultraviolet irradiation of this compound in the
presence of iodine5 yielded trans,-trans-muconic acid
whose infrared spectrum was identical with that of an
authentic sample.
Tho aqueous layer from the ether extraction was
further extracted with phenol. After evaporation of
the phenol, the residue showed two fluorescent spots
(Rf 0.58 and 0.40) on a paper chromatogram using 1-
butanol saturated with 2 1'1 aqueous ammonia. The sub-
stance corresponding to the spot of Rf 0.58 was iden-
tified as the starting material.1. The residue was
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adsorbed on cellulose power and eluted with 1-
butanol saturated with 2 N aqueous ammonia. The
eluate, which showed the spot of Rf 0.40 on a paper
chromatogram, was neutralized with acetic acid and
evaporated to dryness. The residual solid obtained
was dissolved in 8 ml of water and the solution was
acidified with 2 N hydrochloric acid to yield a
solid (45 mg) which did not melt below 3000 :
jO.1NHCl
" . 265, 300, 314, and 328 mit.max
2.2.3. (5,5'-Biquinoxaline) 2,2'3,3'-tetrol (£).
2,2', 3,3'-Tetraaminobiphenyl (60 mg), which
was synthesized according to the method of Dieteren
and Konigsbergerl , was suspended in 25 ml of diethyl
oxalate. The mixture wa.s heated at 120-1300 under
nitrogen for 3 hr. The resulting solid was dissolved
in 3 ml of 0.5 N sodium hydroxide and acidified with
2 N hydrochloric acid to yield 38 mg of .£, ",hich
dl·d t It b 1 3000 Nujol -1 ( )no me e ow ;v ca. 1700 em br;
max
m1R (dimethyl sulfoxide)7:3.2-2.7 (six aroma.tic
protons, multiplet), -0.8 (two NH protons, singlet),
and -2.05 (two NH protons singlet). (Found: C,
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59.71; H, 2.98; N, 17.98. C16HION404 requires: C, 59.66;
H, 3.13; N, 17.39 %).
2.2.4. Alkaline }-'erricyanide Oxidation of 6, 7-Dimethyl
qUinoxaline-2,3-diol (~).
To a solution of 3.0 g (0.015 mole) of 6,7-dimethyl-
quinoxaline-2,3-diol in 400 ml of 2 N sodium hydroxide
was added 40 g (0.12 mole) of potassium ferricyanide and
the mixture was stirred under nitrogen for 10 hr. The
reaction mixture was adjusted to pH 2 with 2 N hydrochlo-
ric acid and extracted with I-butanol. The extract vlaS
chromatographed on a silica gel column. Elution ,-lith
chloroform-acetone (5:1) yielded a crystalline solid
(0.41 g, 16%). Recrystallization from ethyl acetate
gave the lactonic acid .§ as crystals: mp 97-98°; NJVIR
(CDC13)T8.45 (three protons, singlet), 8.90 (three
protons, doublet, J = 1.5 cps), 7.17 (two protons, AB
quartet, JAB = 18.5 cps), and 4.18 (1 proton, quartet,
J = 1.5 cps); v KBr 1740,1720, and 1640 cm-l;A.EtOH
max max
212 mit (e 15,700). (Found: C, 56.76; E, 5.72. C8HI004
requires: C, 56.46; H, 5.92%) .
.cUrther elution with acetone yielded a crystalline
solid (0.70 g, 207b). I-tecrystallization from acetone-
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methanol gave 6-methyl-7-carboxyquinoxaline-2,3-diol
(~) as crystals, which did not melt below 300°.
This compound was soluble in aqueous sodium bicarbo-
nate. J. 0.1 N HC1265 (e 5900), 308 (6200), 330 (10,300),
max
and 332 m /l ( 9500); )) NUj 01 1690 and 1675 cm-1; NJ'IIR
max
(D20-NaOD) r 7.55 (three protons, singlet), 2.89 (one
proton, singlet), and 2.63 (one proton, singlet).
requires~ C, 54.55; n, 3.06; N, 12.72%).
Further elution with ethanol yielded polymers
(0.8 g).
2.2.5. Alkaline Ferricyanide Oxidation of l-Ribityl-
2, 3-diketo-6,7-dimethyl-l,2, 3,4-tetrahydro-
quinoxaline (1).
A solution of 0.50 g (1.5 mmoles) of 1 and 5 g
(1.5 mmoles) of potassium ferricyanide in 100 ml of
0.1 N sodium hydroxide was stirred under nitrogen
for 5 hr. The mixture was acidified with 2 N hydro-
chloric acid and extracted with I-butanol. Paper
chromatogra.phy of the extract showed four major 8....l1.d
two minor spots in short-wave ultraviolet light.
'nlin layer chromatography on silica gel with benzene-
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ethyl formate-formic acid (5: 2: 1) shOvfed at least eight
spots. Of these products three were isolated by chromat<
graphy on cellulose powder with I-butanol saturated with
2 N ammonia and identified by comparison with authentic
samples as 6,7-dimethylquinoxaline-2,3-diol (Z)(IR),
the lactonic acid ~ (thin layer chromatography), and the
acid 2(UV and paper chromatography). Some starting
material 1. was also detected among the products. Other





In the photooxidation of qUinoxaline 2,3-diol
(±) in the presence or absence of rose bengal as
a sensitizer no oxygen consumption was observed and
the starting material (±) was recovered quantitatively.
Photosensitized oxidation of 6,7-dimethylquinoxaline
-2,3-diol (~) in 2.0 N aqueous alkaline solution
in the presence of rose bengal gave at least nine
products, which ..,{ere detected on a thin layer chro-
matogram, after 4 moles of oxygen had been consurned.
In the absence of rose bengal the starting material
(2) was recovered quantitatively (Table I).
Under similar conditions and in the presence
of rose bengal l-ribityl-2,3-diketo-6,7-dimethyl-
1,2,3,4-tetrahydr oquinoxaline (1) consumed 5 mole
equiv of oxygen. When irradiation was interrupted
after the consumption of 0.5 mole equiv of oxygen,
paper chromatographic analysis (Figure 3) of the
reaction mixture showed that it consisted of 2
-'
the unchcmged starting material 1, and an unidentified
compound. After the consumption of 2 mole equiv of
oxygen, g was isolated in 18% yield from the reaction
mixture. When 1 was photooxidized until oxygen con-
sumption ceased (5 mole equiv), .£ was no more found
in the reaction mixture which was shmm by thin layer
chromatography to consist of at least seven products
(Figure 3). These results demonstrate that one of the
initial steps of the photosensitized oxidation of 1
is the oxidative deribitylation of 1 to .£.
TABLE I: Photosensitized Oxidation of Q.uinoxaline Derivatives 1.,~, and.4,_
-
... ~.""=----
Substance Solvent(N) Reaction 'rime Sensitizera Oxygen consumed(hr)
.1. NaOH(2) 10 RB None
g Pyridine 8 RB None
~ NaOH(2) 15 None None
I
I-' 4 mole equivf\) ~ NaOH( 2) 18 RBI-'I
~b NaOH(2) 25 RB 4 mole equiv
1. NaOH(0.5) 10 RB 5 mole equiv
----------------_.-- ~----------
aRose bengal (RB) was used as the sensitizer.
(ca. 10%) was used as a filter.
bAn aqueous copper sulfate solution
Pcip@'!r chromatography
Oa cons~ (1) (IO
none ~ •I
~2Ch • .. +Oa _. ~ • ..
I •
20t D• • • • ."I •!SOt ~. I ~
0.23 0.63
Thin layer chromatography





FIGURE 3: Chromatography of the photosensitized
oxidation products of l-ribityl-2,3-
diketo-6,7-dimethyI-l,2,3,4-tetrahydro-
quinoxaline (1). Paper chromatography:
I-butanol saturated l'lTith 2 N ammonia.




2.2.1. Photosensitized Oxidation of 6,7-Dimethyl-
quinoxaline-2,3-diol (~).
In a typical run, a solution of LO g (5.2
mmoles) of 6. 7-dhJJ:::thylquinoxaline-2,3-diol (~) and
20 mg of rose bengal in 100 ml of 2 N sodium hydroxide
was irradiated a.t room temperature with a 100-w
high-pressure lamp (Ushio Type UN 100) having a
Pyrex oooling jacket. During the irradiation oxygen
was bubbled through a sintered-glass joint "l'lhich was
attached at the bottom of the reaction vessel.
Jxygen consumption was followed manometrically.
hfter 450 ml(20 IT~oles) of oxygen had been consumed,
the reaction mixture was acidified with hydrochloric
Jcid and extracted with I-butanol. The extract showed
:J.t least nine spots on thin layer chromatogram (silica
sel, benzene-ethyl formate-formic acid (5:2:1).
~he products were isolated in impure form after
~hromatography on a. silica gel column. Other results
lbtained under various conditions aTe sumrna,rized
,n Table I.
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3.2.2. Photosensitized Oxidation of l-Ribityl-2,3-diketo
6, 7-dimethyl-l, 2, 3,4-tetrahydroquinoxaline UJ.
A solution of 1.2 g (3.S n~oles) of ~ and 20 mg of
rose bengal in 200 ml of 0.5 N sodium hydroxide ,laS
treatod as described above. The irradiation was inter-
rupted when 175 ml (S mmoles) of oxygen had been con-
sumed. One-half (100 ml) of the reaction mixture was
acidified :md extracted with I-butanol. The butanol
extract gave six fluorescent spots on a paper chromato-
gr,J.m (Figure 3). The majol' spots vfere identified as
1 and l. Form the butanol extract, SO mg of crystals
was isola.ted by preparative paper chromatography (solvent,
2 N IJH40H-l butanol). The product was identified as .£
by comparison of its infrared spectrum ,vi th that of
an authentic sample.
The other half of the mixture VW.s further irradiated
until a total of 10 rnmoles of oxygen/3.S mmoles of 1
had be""n consumed. The mixture was tr'2ated as described
above. The butanol extract showed no more 1 and .£ on
a paper chromatogram. On a thin layer chromatogram
at least soven spots were detected (Figure 3). '1hese
products Tv-core not :further investigated.
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4. Discussion
Alkaline ferricyanide oxidation and photosen-
sitized oxygenation, which were chosen as moderate
oxidizing methods for the quinoxaline-2,3-diols
1, 1., and;1, E).ppear to be closely related to some
biological oxidation. Alkaline ferricyanide is a
one-electron transfer oxidizing agent. One-electron
transfer oxidations are known to occur in the bio-
synthesis of various natural products such as alka-
10ids6 .
Photosensitized oxygenation of various biological
systems, such as proteins and nucleic acids, is
knmm as photodynamic action7 ,8. Photosensitized
oxygenation also seems to be closely related to
oxygenases and to some oxidases. For example, it
has been reported that tyrosine is photooxidized
in the presence of a sensitizer to give 3,4-dihydroxy-
phenylalanine9, representing a model for the enzym-
atic hydroxylation of tyrosine lO and of 3,4-dimethyl-
11phenol by phenolases. Trytophan is also photo-
oxidized under similar conditions to give various
-125-
12degradation products , including kynurenine and 3-
hydroxyk;ynurenine, ,,,hich are known metaboli tes of try-
ptophan formed under the influence of tryptophan pyr-
rolase13 •
Whereas the reaction of quinoxaline-2,3-diol (1)
itself ,,,ith alkaline i'erricyanide is relatively slow,
6,7-dimethylquinoxaline-2,3-diol (.£) is easily oxidized
by ferricyanide. Such a difference between the react i-
vities of g and 1 was also observed in the case of the
photoscmsi tized oxidation. This is probably due to
hyperconjugation (as formula 10) involving one of the
methyl groups at the 6,7 positions of..?. A similar
hyperconjugation has been proposed for riboflavin (11,
R == ribityl) by Hemmerich et a1. 14 . The formation of
6-carboxy-7-methylquinoxaline-2,3-diol (2.) in the
ferricyanide oxidD,tion of .£ is quite analogous to the
oxidation oflumiflavin with nitrous acid, leading to
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As shown in Scheme I, the bacterial degradation
of riboflavin leading to 3,4-dimethyl-6-carboxy-
a- pyrone (2) involves the following three steps~
(1) conversion of riboflavin to 1, (2) deribitylation
of 1 to";;;', and (3) degr,,".dation of land 2- A model
reaction for step 1 has already been reported by
15Miles et al. , who demonstrated that the alkaline
hydrolysis of riboflavin fol101'ied by oxidation of
the product 13 ,vi th peracetic acid yielded 1, as
shown in Scheme 2. This result is consistent with
the formulation by Stadtman and his group (Scheme 1)
which requires hra molecules of ,vater and one atom
of oxygen in step 1.
The formation of l from 1, oi tiler by ferricy-
anide oxidation or by photosunsitized oxida.tion,
represents a model for step 2. In connection with
the mecho.nism of the deribitylation of 1, it shuu.ld
be mentioned that ~here are a few reports on the
oxidotive dealkylation of tertiary amines.
reported that tertiary N-methylamines such 3.S 1,2,6-
trimethylpiperidine are demethylated by the action
of potassium ferricyanide, 81 though the raechanism is
-131-
not knOlm. :Burthermore, the photosensitized oxidation
of certn.in amines or amides, which possess a partial
structure of 22, results in the removal of the N-alkyl
group OT in the formation of acylamines, as shown in
SchGme 3.
In the present model reactions for step 2, in par-
ticular in the photosensitized oxidation of 1, a similar
mechanism, which involves radical intermediates 14 and
12., is applicable. Recently extensive mechanistic in-
vGstigations on riboflavin photochemistry have been
" 20 21carried out by Hoore and r110tzler ' They suggested
that th'2- photochemical deribi tylahon of riboflavin might
be ini tiD.ti:]d by an internal hydrogen abstraction from
a Cll on the ribityl chain by the photoexcited isoallox-
azine group. Such a mechanisn: might not be applicable
to the deribitylation of 1 in the photosensitized oxid-
ation, becc1use 1 is recovered unchanged on photooxida-
tion without sensitizer. Since an energy transfer from
the excited sensitizer to the sUbstrate, l'Vhich would
cause axci ta.tion of the carbonyl group, appears un-
favorablo, it is concluded that an excited molecule of
1 is not tnvolved in the present reaction. 'rhe radical
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1:) IilO-Y be convortecl into 16 'which is then c1e8.vocl
to :C01'ill 20
bo DroC'ucts
Since 2 0,1'1(1. riboso h2,vG 'been fonnel to
in the enzyDl2,tic cLeribi tyl2,tion3 of' L
-'
it is ro[won.JJJle to 0.88U1,18 tho.t the onz;YT12, tic ro-
For step 3, we suggest 0000011. interDO~i2,tos
cl2.,tiOYl of 20
II'OLl tIle C:.i·:J,11io11
0-D8IlzocIuino:ne (18) ~1Tld OX2L1ic.8 ~
c1
The 2,3-bon~ fission of co,tocholE
E1G t8-I)~~r()c=-'_.t8cll(1Se 22onzymes it is y·::;O,sol12,blo
to 2,ssume th2,t, in the course of tho bacterial
e'econmosi tion of ribofl2,vin) 4? 5--chmethy1catocho1
quinono 18) is cloo,vo~ to 3)4-~iillethyl-6-co.rboxy~
a;-pyTone (:2J vioo the aoic1 200
In contrC1st to such em onzYli12,tic c1ec-evco,go of
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catechols, the chemical oxidation of catechols or 0-
quinones usually results in a 1,2-bond fission. Por
instance, in all. alkaline ferricyanide oxidation 4,5-
di-i-butylpyrogallol is cleaved at the bond behveen hvo
hydroxy groups at the 3 and 4 positions to yield 3,6-
23di-i-butyl-6-carboxy- a-pyrone . 'l'hereiore, it can be
rationalized that the o-quinone 18 is cleaved by alkaline
ferricyanide to form ft, P-dimethyl-cis, cis-muconic acid
(21) which is then cyclized by an intramolecular Hichael-
type addition to the lactonic acid §.
The formation of cis, trans-muconic acid (5) in the
alkaline ferricyanide oxidation of quinoxaline-2,3-
dial (±) may also be rationalized by a similar mecha-
nism. The formation of the dimer 1 in this oxidation
can be explained by the coupling of a free radical (~)
which is produced by the removal of one electron from ±.
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CHAPTER III
OXIDATION OF LIPOIC ACID AND
r~s lVlODSL IL':ACTION FOR THE ENZYHAr;.'IC
ACYL-'i'RA.lJSi"ER R~AcrrION
1. Introduction
In bacteria and animal cells lipoic acid is an
importffi1t prosthetic group of multienzyme systems
which generate acetyl GoA and succinyl CoA from
pyruvate and a-ketoglutarate, respectively. 'rhe
enzyme bound lipoic acid undergoes a cycle of reduc-
tive acyla.tion, acyltransfer and reoxidation. Al-
though thc.,re has been numerous investigationsl - 4
on the natural function of lipoic acid in a-keto acid
dehydrogenation complexes of various microganisms,
no significant observation on the metabolism of li-
poic acid has been demonstrated. Furthermore, the
function of ft-lipioc acid, a natural occuring oxid-
ation product of lipoic aCid, in a-keto acid dehydro-
genase system remains unknown. In connection with
the metabolism of lipoic acid, some oxidations of
-137-
lipoic acid were examined and presented in this Chapter.
In order to suggest the possibility that ;9-1ipoic acid
could undergoes a acyl-transfer reaction in the enzyme
systems, a chemical model reaction of ;9-lipoic acid with
acetic anhydride is also described in this chaptGr.
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2. Oxidation of Lipoic Acid
2.1. Introduction
Recent studies on the metabolism of a -lipoic
acid (la) have demonstrated that 35S-labeled lipoic
acid injected to animals gave in the urine about
10 radioactive substances including unmetabolized
a -lipoic acid and its sulfoxide form, ft-lipoic acid
(2a)1,2,3. Though the structure of these metabolites
have not been elucidated yet, the greater part of
them are supposed to be formed by oxidative degrad-
ation of the disulfide linkage of lipoic acid.
As for the oxidation product of lipoic acid, only
6,8-disulfooctanoic acid (3a)4 has been ascertained
in addition to ft-lipoic acid (2a). In the case of
biotin, it has been known that biotin d-sulfoxide
and biotin I-sulfoxide are naturally occurring
°d t" d tho 1 bO t" -L""t 5,6OXl a lon pro uc s aVlng a ow lO In aCGlVl y ,
and biotin sulfone acts as an antagonist against
certain microorganisms7 . In order to contribute
to the elucidation of the structure of the biological
oxidative degradation products of lipoic acid,
-139-
some oxidation reactions including photosensitized
oxygenation of lipoic acid were investigated. In the
photosensitized oxygenation of lb mechanisms for the
formation of 2b lwre briefly discussed. Futhermore,
the microbiological and pyruvate oxidation activity
of the oxidation products were also examined.
1
.£ R=H
J2. : R ::: .Me
u"(B,,..r-(CHo) 4 CO2 R
S--s~ 2
eR
B. if ZCH-CCHz ) eO.... R~ 21 I 4,:,
B03 S S03H
3
2.2. Results and Discussion
Peroxide oxidation and photosensitized oxygenation,
both of which appear to be closely related to some
biological oxidation, were chosen as moderate oxidizing
methods for the a-lipoic acid (2). Photosensitized
oxygenation seems to be closely related to oxygenases
d t "d 8an 0 some OXl ases . In the photosensitized oxygen-
ation methyl a-lipoate (lb) afforded methyl ft-lipoate
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(2b). On the other hand, i-butylhydroperoxide oxi-
dized la to give 2a and 8-sulfonelipoic acid (±),
and peracetic acid oxidation of la gave 6,8-disul-
fonelipoic acid (~).
4 5
\11en a methanol solution of Ib vJas irradiated
by a tunsten lamp in the presence of rose bengal
as a s~n8itizer under bubbling oxygen, 0.52 equiv-
alent of oxygen ,vas consumed. Thin layer chromato-
graphic analysis of tho reaction mixture showed that
it consisted of methyl ft-lipoate (2b) and polymeric
products. No other product ,..-a,s detected on the
thin layer chromatogram of the mixture. llethyl
ft-lipoate (2b) was isolated from the reaction mix-
ture in 89% yield. In the absence of the sensi-
tizer Ib showed no oxygen consumption and was re-
covered unchanged under the condition. The results
indicate that the excited state, possibly a triplet
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of the sensitizer may be involved in the
present reaction. On the other hand, methyl ft-lipoate
(2b) was not further oxidized under the conditions
0mployed.
The formation of 2b from lb may be rationalized
by a pathvmy shown in Scheme 1. The attack of an
excited singlet oxygen molecule9 to Ib gives an oxygen
adduct &" which then reacts with another molecule of
lb yielding 2b. '1'he fact that 0.5 molar equivalent of
oxygen is required in the formation of one laole of 2b,
is compatible with the D.bove mechanism. Such type's
of photesensi tized oxygenation are also demonstrated
in the cases of diemthyl sulfoxide lO and triphenyl
1 .. 11p 0spnlne Hmvever, the structure of the oxygen









R = (CH2) 4 COOCH3
:30hoL18 1
itlhen d -lipoic acid (la) 1"as oxidized with 1-
butylhydroperoxide in chloroform; paper chromato-
graphic ffilL1.1ysis (Fig. 1) of the reaction mixture
shmwd that it consisted of ft -lipoic acid (2a) (80%)
at RfO. 35. the unreacted starting material (la)( 3%)
at RfO.60. and an unidentified compound (5;0) at
Rf 0.90. The ullknovm compound exhibited growth
inhibitory effect against Streptococcus faecalis
lOCI. Radioactivity resulted from35S-labled
















t ( Streptococcus faecalis lOCI)
B'o," °GL--m __~C)~.._ --=O=----_---l
[]-----------------C9lr:?mViNlVf'flh:1,'d
zone
Pig. 1 Paper Chromatogram of an Oxidation l''Iixture
of ~Lipoic iicid with i-Butylhydroperoxide
'l'he UV spectrum of the compound did)t show the. }leak
at 248 m,lt due to a. sulfoxide group. Its.u{ Sj;sctrum
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exhibited characteristic peaks assighnable to a
-l(sulfone group at 1310 cm v
a.s
) -1SO 2 and 1140 cm
( v s 3°2), The absorption bands attributed to an
ester group were also obserbed. The IR spectrum
of the compound was quite similar to that of i-butyl
ester of la except to bands of a sulfone group.
Taking into consideration of a sterie hinderance of







8-0ulfonellpoic acid <.~) ~vas obtained by
hydrolysis of 1. On paper chromatography, thin
layer chromatography and paper electrophoresis, 1
exhibi ted behaviours analogous to those of I-lipoic
acid (28.). Table 1 gives data for anti-lipoic acid
action of 4. When 100 times as much 8-sulfonelipoic
acid (i) IilaS added to a medium containing lipoic




Growth Inhibitory Effect of 8-Sulfonelipoic
acid Against Streptocgccus faecalis lOCI
a-Lipoic acid 8-Sulfonelipoic acid(i) Bacterial growth
mtta1ml m,ug/ml O.D.




When a-lipoic acid (la) was oxidized with 2 molar
ratio of hydrogen peroxide in aqueous acetone, an un-
identified compound (3%) was produced in addition to
,a-lipoic acid (2a) and the unreacted d-lipoic acid (la)
'rhe compound has the same molecular formula as 2a.
The UV spectrum of the compound was almost identical
.vi th that of 2a except for the absorption intensities
at 248 m/l. due to a sulfoxide group. The IR spectrum of
the compound was quite similar to that of 2a except
-1that the peak at 1073 cm due to a sulfoxide group
in the latter compound shifted to 1065 cm-1 in the
former. From the results obtained the compound is
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supposed to be a lipoic acid-6-sulfoxide (§) or a
stereoisomer, cis-(9) or trans-(lO) isomer of 2a.
12In relation to latter consideration Johnson
demonstrated that the peroxide-oxidation of 4-sub-
stituted thian gave a mixture of cis- and trans-
isomers (25 : 75) of the sulfoxides and that some
differences in sulfoxide absorption of these com-
pounds 1i,orc obserbed in the IR spectrum. The
compound showed almost the same microbiological
activi ty as a - and p-lipoic acid against StY'epto-
coccus faecalis lOCI and Corynebacterium bovis.
It also behaves as a pyruvate oxidation factor in
the usual manometric technique using cell suspen-






Oxidation of a-lipoic acid (la) with an excess
of hydrogen peroxide in acetic acid resulted in
the formation of 6,8-disulfonelipoic acid (2).
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Its IR spectrum exhibited characteristic bands
assighnable to a sulfone group at 1310 (II S02) and
as
-1 (1140 cm II
s 3°2)' This compound excerted neither
promoting effect nor inhibitory action on the g;r01'ifth
of Streptococcus faecalis lOCI.
2.3. Experimental
2.3.1. Photosensitized Oxygenation of Hetllyl d-Lipoate
(Ib).
A solution of methyl d-lipoate (lb) (2.20 g, 10
mmoles) in methanol (100 ml) containing rose bengal
(30 mg) was irradiated using a 100 1li tungsten lamp with
a Pyrex cooling jacket at room temperature. During
irradiation oxygen "vas bubbled through the solution
in a closed circulating system and the consumption of
oxygen was determined manometrically. Oxygen consump-
tion was ceased when oxygen (130 ml, 5.2 rmnoles) had
been taken up within 15 hr. After removal of the sol-
vent, the residue was chromatographed on a silica gel
column (40 g). Elution with chloroform (1000 ml) yielded
methyl,8-lipoate (2b)(2.l g, 89%) as a viscose oil,
which was identical with an authentic sample prepared
(by IR and TLC).
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II neat1730 and 1065 cm-l NI'lR(CDC13) T6.48 (singlet,max
3H), 6.05 (multiplet, IH), 6.50-7.90 (multiplet, 6H),
8.10-8.70 (multiplet, 6Il). (Found: C, 44.41; H, 6.88;
S, 26.52. C9H1603S2 requires: C, 44.01; H, 6.50;
S, 26.01%).
In the absence of rose bengal oxygen was not
consumed and the starting material (lb) was recovered
quantitatively.
2.3.2. Photosensitized Oxygeration of Methylft-
Lipoate (2b)
A solution of methyl ft-lipoate (2b) (1.0 g,
4.5 mmoles) in methanol (100 ml) containing rose
bengal (20 mg) was photooxidized under the same
conditions described above for 10 hr. The mixture
exhibited no oxygen absorption and the starting
material (2b) was recovered quantitatively.
2.3.3. Oxidation of d-Lipoic Acid (la) vrith.1-
Butylhydroperoxide.
To a solution of a-lipoic acid (la)(1.0 g,
4.5 mmoles) in 5 ml of chloroform was added t-
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butylhydroporoxide (2.5 g, 22.5 mmoles). The mixture
was allowed to stand for 1 day at 400 under continuous
stirring, then mixed with 50 ml of vmter. After 24 hr.
the chloroform layer was separated. The chloroform
was evaporated in vacuo and the resulting brown
oily residue was subjected to ascending paper chromato-
graphy using n-butanol saturated with 2.8% aqueous
ammonia as a solvent. The oxidation products ,ITere
detected by spraying with KCN-nitroprusside reagent.
The major product ,'ms found to be ft-lipoic acid (2a).
Radiochroma.tographic technique vfas also employed by
using 35S-labeled d-lipoic a.cid as a starting material.
Lipoic acid-activity or anti-lipoic acid-activity was
examined by bioautography using§treptococcus faecalis
10C1. The zone corresponding to the unknovfU substance
at Rf 0.90 was cut off and was extracted with methanol.
After removal of the methanol, 1 (50 mg, 5%) was
obtained as an oil. The compound showed a single spot
on the paper chromatogram.
CRCl -1
v max 3 1753, 1310, 1180, and 1140 cm
(Found; C, 49.20, R, 7.56. C12R2204S2 requires:
C, 48.98; R, 7.48%).
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1 was hydrolysed with IN H2S04 to give 8-sulfone-
lipoic acid (4). Anti-lipoic acid activity of i was
examined by bioassay method using Streptococuss
faecalis lOCI as a test organism13 .
2.3.4. Oxidation of a-Lipoic Acid(la) with hydrogen
Peroxide.
A. With 2 Molar Ratio of Hydrogen Peroxide.
To a solution of dl-d-lipoic acid (la) (1.0 g,
4.5 mmo1es) in the mixture of acetone (7 ml) and
water (3 ml) 30% hydrogen peroxide (1 ml, 9 mmoles)
was added. The mixture vms stirred for 1 day at
room temperature. The mixture was diluted with water
and adjusted to pH 1.0 by the addition of 6N Hel.
To the mixture chloroform was added, and the chIoro-
form layer was separated. After removal of the
solvent, the residual yellow oil was subjected to
ascending paper chromatography using n-butanol
saturated with 2.810 aqueous ammonia. Spots having
the lipoic acid-activity in bioautography were ob-
served at Rf 0,0.2-0.4,0.45 (remainingd-lipoic acid
(la)) ,and 0.9. The zone corresponding to Rf 0.2-0.4
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was extracted with methanol and rechromatographed on a
broad filter paper using water-saturated n-butanol as
a solvent. On the chromatogram lipoic acid-active sub-
stances were detected at Rf 0.4, 0.7, and 0.9. The
zones at Rf 0.4 and 0.7 were extracted with methanol.
After removal of the solvent, ft-lipoic acid (2a) (70 mg)
and an unidentified compound (30 mg) were obtained from
the zone of Rf 0.4 and of Rf 0.7, respectively. The
compound thus obtained showed a single spot on a paper
chromatogram. "CHC131710 and 1065 -1v cm •
max
(Found~ C, 43.43; fi, 6.92. CSH1403S2 requires: C, 43.24;
H, 6.31%).
The microbial activity of the compound was examined
by bioassay method using Streptococcus faecalis lOCI
and Corynebacterium bovis as the test organisms. The
pyruvate oxidation activity was also examined by the
usual manometrtc technique using cell suspension of
Streptococcus faecalis lOCI.
B. With an Excess of Hydrogen Peroxide
To a solution ofd-lipoic acid (la)(0.2 g, 0.9
mmoles) in glacial acetic acid (10 rnl) 3Cf/o hydrog8n
peroxide (1 ml, 9 mmoles) was added. The mixture was
.".,].52-
m.p.
kept at 40° for 1 day. After removal of acetic acid
in vacuo, a white precipitate was obtained from
tho residue. Recrystallization from acetic acid
gave 6,S-d:Lsulfonelipoic acid (2) as crystals,
108-1100 • lI K.Br 1340 and 1140 cm-1 .
max
(Found: C, 35.60; H, 5.21. CSH1406S2 requires:
C, 35.60, H, 5.19%).
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3~ Reaction of ;9-Lipoic Acid with Acetic
Anhydride as a Possible Model for the Enzymatic
Acyl-Transfer Reaction
3.1. Introduction
It is ltwll known that a-lipoic acid is an import-
ant cofactor concerning with the metabolism of pyru-
1
vic acid in biological systems In the pyruvate
oxidation systems decarboxylation of the thiamine-
pyruvate adduct yields an intermediate, active acetal-
dehyde (CH3CHO-TPP), which then reacts with a -lipoic
1
acid to form acetyl lipoic acid as shOltm in eq. 1 .
ALtAb~ P-l:poic aCid2-b(~) exhibits the same
pyruvate oxidation activity as a-lipoic acid, the
role of ;9-1ipoic acid (~) in the enzyme system
catalized acyl':'transfer reaction remains unknown.
The well-known reactivity of the methylene carbon
adjacent to a sulfoxide group ,.vould suggest that
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the reactivity of 8-position of ft-lipoic acid may be
responsible for the enzymatic acyl-transfer reaction.
As a possible model of the acyl-transfer reaction
the reaction of ft-lipOic acid (]J with acetic anhydride
was examined.
3.2. B.esults and Discussion
Reaction offt -lipoic acid (1) vli th acetic anhyd-
ride under mild conditions gave an unknown product
(Rf 0.55), a-lipoic acid (Rf 0.45) and the unchanged
starting material (1)( Rf 0.30), >.,-hich were detected on
paper chromatography using solvent A. VJhon 35s_,a-
lipoic acid C!.) was allowed to react with unlabeled
acetic anhydride or vThen unlabeled ft -lipoic acid (1)
vms reacted with 14C-acetic anhydride, the radio-
activity was detected on the spot of the compound
having Rf 0.55. The UV spectrum of the compound had
no absorption maximum at 248 m,u .iue :to acsulfoxide
group but a weak peak at 330 m,u analogous to that of
a-lipoic acid (Fig. 1). The IR spectrum exhibited
strong absorptions attributed to an acetoxy group at
1735 (C=O) and 1300-1200 em-I, and no absorption in
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the sulfoxide region (1073 ern-I). On hydrolysis
with alkali the product liberated acetic acid,
which was detected by paper chromatography after
conversion to the corresponding hydroxamate (Rf
0.48 in solvent C) and its a.mmonium salt (Rf 0.28
in solvent A). The results described above suggest
that the compound is 8-acetoxylipoic acid (:1),
which is formed via the mechanism similar to that
of the Purmnerer reaction6 , 7 .
In order to exa.mine the possibility of the
elimination of a proton attached to the carbon
adjacent to the sulfoxide group of ft-lipoic acid,
deuterium exchange experiments were performed
'ivi th ft -lipoic acid methyl ester by NJvIR spectro-
metry. I1ethyl ft-lipoate treated with OD-in
D20 showed the identical behaviours with the
untreated compound on paper chromatography. It
also gave the similar infrared spectrum to that
of the untreated compound, except that the weak
bands assignable to C-D were observed at 2,020
-1
and 1,000 em In its 1WiR spectrum among the
multiplet from 7:6.7 to 7.3 (relative area 3.0)
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attributed to the activated mothylcme protons as well
as the me;thine proton O1>ling to the adjacent sulfur atom,
a peak atr6.7 (relative area 0.8) disappeared complete-
ly after the deuteration. The result would indicate
the a.verage value of the exchange of two methylene
protons at C-8 position or a predominant exchange of
one of them.
The formation of 8-acetoxylipoic acid (4) from
jJ-lipoic acid (1) and acetic anhydride is well rc1.tion-
alized by the similar pathway as that of Pummerer re-
action 6,7(Scheme 1). The attack of acetyl cation on
1 gives ..f., which liberates a proton to givl> S-acctoxy
derivative C~). 2. then rearranges to form 8-acetoxy-








eH -CO/C /3 If \
o 8- 4
R ( CH2 ) ,1_: cacm,
4- Scheme 1
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cribed above would support the above mechanism.
The chromatographic behaviors of 8-acetoxy-
lipoic acid (1) compared with those of d-lipoic
acid and ft-lipoic acid (1) was shown in Table 1.
8-Acetoxylipoic acid (1) exhibited almost the
same microbiological activity for Streptococcus
faecalis lOCI 8.E> d- and ft-lipaic acid (Fig. 2).
Associated with the well-known competitive inhitory
effect of 8-methyllipoic acid as abserbed by Stak-
10
stad , the results obtained in this study would
suggest the possibility that the reactivity at
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]i'ig. 1: Ultraviolet Spectrum of d-Lipoic Acid(l)
a~d 8-Acetoxylipoic Acid(1)(in methanol)
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Fig. 2: Microbiological Activity of 8-Acetoxylipoic
Acid e.g;).
Test organism, Streptococcus faecali~ lOCI.
0, .1; Q, d -lipoic acid; 6. ,13 -lipoic acid.
Incubation "lV2.S carried out for 16 hr at 370 •
Table 1











A 0.45 0.30 0.55
B 0.92 0.60 0.90
C 0.95 0.85 0.95
D 0.93 0.90 0.75
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Solvent iI., 2.8% aqueous ammonia-saturated n-butanol;
Solvent B, water-saturated n-butanol; Solvent C,
n-butanol-acetic acid-water (4:1:5). .Iiscending
paper chromatography was carried out for 15 to 17
hr at 25 0 • Solvent D for thin layer chromatography
is petroleum ether-benzene-acetone (5:5:1). Spots
were detected with KCN-nitroprusside reagent as
well as a bioautographic technique using Strepto--
coccus faecalis 10 Cl as a test organism.
3.3. Experimental
3.3.1. Materials
d-Lipoic acid and 35S-labelled d-lipoic acid
{specific acbvity, 420 It c/mmole) were kindly supplied
from Fujisawa Pharmaceutical Industries, Inc.,
Osaka. 1-14C-Labelod acetic anhydride (specific
activity, 5 mc/mmole) was commercially available.
3.3.2. Paper chromatography and Thin Layer Chromato-
graphy
Ascending paper chromatography was carried
o
out for 15 to 17 hours at 25 , and the spots were
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detected by spraying with KCN-nitroprusside reagent
as well as a bioautogr13,phic technique using
Streptococcus faecalis 10Cl as a test organism. The
following solvents were used: >1Solvent A, 2.~0 aqueous
ammonia-saturated n-butanol; Solvent B, water-saturated
n-butanol; Solvent C, n-butanol-acetic acid-water (4:1:5).
'l'hin layer chormatography WE1S performed on a silica
gel G using petroleum ether-benzene-acetone (5:5~1)
as a developing solvent system for 1 to 2 hours at 25°.
'rhe zones of the lipoic acid-relD,ted substanco were
detected in the same way as on paper chromatography.
vfhen labelled d-lipoic acid or labelled acetic aTlhydride
was used, the spots on the paper were detected using
the instrument of Nuclear-Chicago, No. 1620.
3.3.3. Grouth Rate Studies
"
Lipoic acid activity was studied according to the
procedure of Stokstad9 using Streptococcus fa~li~
10 Cl cmd Corynebe,cter:i,.um bovi.!i' In this caso, the
samples were added aseptically to the medium without
heD,t sterilization in order to avoid possible decompo-
sition as far as possible. The growth of the micro-
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organism was measured turbidmetrically and expressed
by the absorbance at 570 rn,u.
3.3.4. Reaction of ft-Lipoic Acid with Acetic
Anhydride
To a solution of ,a-lipoic acid C!J (300 mg,
1.4 mmoles) in chloroform. (2 ml)and ether (4 illl)
acetic anhydride (450 mg, 4.4 l1JL"loles) was added.
The mixture was kept for 2 days at 45 0 in nitrogen
atmosphere. After the reaction was furnished, ether,
chloroform, resulting o.cetic acid and an excess of
o
acetic anhydride were removed below 40 in vacuo.
The brown oily residue was subjected to ascending
paper chromatography with a broad filter paper using
solvent A. The zone of an unknown reaction product
at Rf 0.55, detected in addition to a-lipoic acid
and ,a-lipoic acid (1), was extracted.vi th chloroform
and furthor purified by thin layer chromatography
(silica gel G) using petroleum ether-benzene-acotone
(5:5:1) as a solvent. The reaction product was
obtained as a light-yellow oily substane (1)( 20 mg,
6%). AMoOH 255 mu(log 3.lS);v CHC1 3 1735, 1365,max max
-1 (1300-1200, and 1040 cm . Found: C,'45.22; H,
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'I'his compound showed almost the same microbiological
activity for Streptococcus faecalis lOCI and Coryne-
bacterium bovis as d,- and ,B-lipoic acid (]J (F'ig. 2).
3.3.5. Deuterium Exchange Studies
'1'0 a suspension of methyl,B-lipoate (200 mg j 0.9
IrJnole) in ])20 (5 ml) metallic sodiuret (13 mg, 0.57 matom)
"ms added. The mixture WiJ,S allowed to stand for 24
hr at room temperature vii th vigorous stirring. The
resulting product was extracted vvith carbon tetra,chlo-
ride. 'rhe compound thus obtained shm,red the same
behaviours DS methyl ,B-lipoate on paper chromatography
. CHCl
and thln layer chromatogr::O,phy_ 1/, 3 2020 and 1000hlax
cm-
l (C-D).
NMR(CC13 );T6.50(singlet, 3H,-OMe), 8.00-8.70 (multiplet,
6H), 7.60-7.90 (multiplet, 4H) and 6.70-7.30 (multi-
plet, 2H).
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OF 2,4, 5-'rRIPHENYL THIAZOLE
1. Introduction
Recently much attention has dr3wn to the photo-
sensitized oxygenation of five-membered heterocyclic
bases in relation to the photodynamic action of the
biologiccll systml1s1 Al though the photosensitized
oxygenation of imidazoles2 , Pyrroles3 , oxazoles4 •
indoles5 and purines6 has been studied extensively,
the photooxidation of thiazole, which is an import-
ant part of thiamine, has never been investigated.
In this chapter, the photosensitized oxygenation of
2,4,5-triphenylthiazole are discribed. The results
provide further information regarding the structure of
the peroxide intermediate and the manner of its decom-
position in the photosensitized oxygenation of five-
membered heterocyclic compounds.
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2. Results o.nQ Discussion
When 2 metho.nol solution of 2,4,5-triphonyl-
thi,:::~zole(1) 'iTC\S submi ttec'c to photosol1si tizecc oxygen-
GtiCl'"l iJ:l tl'l8 preS011.ce of rose bCl'lGo..l:J 0$ 11-5 1Jo1e of
oXYGen Ims consumec', for 24 hI' o.11C~ benzil (~) and.
benz(l,uiclo (}) lirera obto.inoc:' in 11 o.ncl~ 18 ~ .• yield.,
ropectively.
Cn tlle other h::cnC!. ~ when photosensi tizec1 oxy--
gence tion 'Vias carricc:' out in chloroforD using iTlotJ.lylene
1)11.10 ::w a sGnsi tizer I 1 ;:;,f:Lorc,ec ::c (ifferollt proc11.1et.
Thus~ 1 g;:;,vo 1 after consl'mption of 0.9 2010 of oxygen,
of 1:; in 30', yio1C.
-1
carbonyl absorption banc at 1700 cm In its lJl l
observec1. 'Jlre2~tment of tho o,c:'c'.1.1ct wi tIl boiling
accluct yielded tribenzo,mide(£) in aquoous silver
ni trGto solution in 10 5: yiolc1. I'heso rGc:ceticns


















In the alJsence of the sensitizer 9 1:. dic, not con-·
sume oxygen nne the rem~tinec,
unchal1.(~ecl.. 'J1his imhce.,tes that tho presence of C1
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sensi tizer is a requisi to conch tion for the present
photooxygenation.
The formation of benzil(~) and benzamide(l) in
the photosensitized- oxygenation of 1 in methanol
is well r2, tionCilizeC, by a po, thhre:-y iYlvolvine; a cyclic
peroxide l(Soherne 1). Suoh a oyolic peroxide is
commonly recognizecl e:-s <:111 intermcC',iate in the photo-
sensitized oxygenation of five-membered heterocycles,
io e., irniclo,zoles 2 9 PYTrc'les, 3 oxo,zoJl1, isoinctoJ$ o,nc1
isobenzothiophene. 9 The initia~~y formed peroxide 1
could undereoes r8~rrangeDGnt to fOrI] n shiff b~se
&, which is hJ~rolysed to give ~ e:-nd 3.
of' tho suI-fur 2, tom of 1 has cc,n~-::'logy in the photo-
sensi tizccl oxygcno, tion of l,3-c'.iphenylisobenzothic-
phone loading to thec-dobenzoylbenzone. 9
P
rN
Ph,,__ N Ph --.-i...-N Ph~O
I II ---4 £ J --..+) r-==' I ------t +





In innert solvents such as chloroform, the
photosensitized oxygenation of l takes a different
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course. Such a solvent effect on the photooxidation
1 b d · th f' 6 d 1 10is a so 0 serve ln e cases 0 purlnes an oxazo es
Two mechm~isms can be considered to account for the
formation of ~ from 1. In this case a zwitterionic
. 2 6 11peroxlde 9a or 9b " is proposed for the first step
intermediate. As shown in Scheme 2, .:t could rearrange
to a four-membered cyclic peroxide 10 (path a), which
undergoes ring cleavage to give N-benzoyl-S-benzoyl -
isothiobenzamide(ll). Such aX photooxidative cleavage
of c=c double bond has analogy in the photooxidation
of 1,2,3,4-tetraphenylpyrrole leading to a-N-benzoYl-
amino-dl -'benzoylstilbene. 12 'i'he isothiobenzamide (]JJ
would then unde""go further intramolecular rearrange-
ment to give i. Such types of rearrangement has been
proposed j_n the reaction of acyl chloride with thio-
benzamide (eq. 1)7 and N-phenylthiobenzamide (eq. 2)13 ,
respectively. N-Benzoylisothiobenzamide(SlJ in the
former and H-phen./l-S-benzoylisothioben;,oamide (12) in




















cyclic peroxide 1, 1'Thich lE1S ilJ.1.2,loCY in tho photo-
sensi tizecl oxygenCl tion of ox:'"zolo4, Elo,y 0,180 Clccount
for the form0tion of 4. Tho poroxide 1 could
mo1ocu1c:,r re2,rr::mgoment, o,n010gous to J'T-beJ:1zoyl-
t - c" ~4isoi~ido, 0 b1VO ~ • The form0tion of the ondo-
peroxide 1 mClY occur either directly from 1 or
stePiT ise vico tho ZlJ1i tterionic poroxic"o 90..
Al tllOug-h from the ::wClih\,b1o results it cC'..nnot
'08 c'isti:nguishec'. botl'J'oon the Clbovo t,W moccos of
formo,tion of 4? pC'.th 2, sooms to bo more filvorc,b1e
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3.1. Photosensitized Oxygenation of 2,4,5-triphenyl-
thiDzole (1)
A. In lileth~mol
A solution of 2,4,5-triphenylthiazole14 (1)
(2.8 g, 9 mmoles) in methanol (300 lUI) containing
rose benga.l (50 mg) was irradiated at room temper-
ature by a 100 Vi high-pressure mercury lamp through
a Pyrex cooling jacket. During irrodiation oxygen
was bubbled by a circulating pump through a
sintered-glass joint which was attached at the
bottom of the reaction vessel. Oxygen conswnption
was manometrically follovwd. Oxygen absorption
'",as cel3.sed after oxygen (105 ml, 4.2 mmoles) had
been taken up for 24 hr. After removal of the
solvent in vacuo, the residue was chromatographed
on a neutral aluInina column (50 g). Elution 1i7ith
chloroform (400 ml) go.ve unchanged starting material
(1) (0.95 g, 34% recovery). Further elution with
chloroform (Ca. 600 ml) yielded bonzil (~)(135 mg,
n% based on the reacted starting material).




m.p. 93-94°, which were identical with an authentic
sample by a. comparison of their IR spectra. Chloroform
(1000 ml) eluted benzamide C~) (95 mg, 18% based on
reacted 1.). Recrystallization from ethanol gave crys-
ata.ls, m.p. 128 .
B. In Chloroform
A solution of 2,4,5-triphenylthiazole ClJ(2.4 g,
7.7 mmoles) in dry chloroform (200 ml) conta.ining
methylene blue (50 mg) was irradiated by a 100 H high-
pressure mercury lamp for 10 hr described above, until
oxygen (170 ml, 6.8 mmoles) was consumed. The solvent
was removed in V:lCUO, and the residue was dissolved
in ether (100 ml). The ethereal solution was treated
with Horit. After rE:mlOval of the solvent, the residue
was cr[stallized from ether to give N,N-dibenzoylthio-
benza.mide (.4)(0.78 g, 30~6). Recrystallization from
ether (5 ml) gave red colored crystals, m.p. 1020 -1030 .
;tcyclohex2Yl.e 224 m,u(e 29000), 233 (e25000), and 500( e
max
150); /.I ~~~Ol 1700, 1600, and 1300-1200
(Found: C, 73.43; H, 4.47; N, 4.08; S, 9.24. C21H15-
N0 2S requires: C, 73.04; H, 4.63; N, 4.06; S, 9.28%).
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3.2. Reactions of N,N-Dibenzoylthiobenzamide (~)
A. vIi th J'!lethanol
A solution of 4 (100 mg) in methanol (40 ml)
was boiled for 10 min. A thin layer chromatographic
analysis (silica gel, chloroform-ethanol (20:1)) of
to mixture showed that it consisted at least five
compounds among which thiobenzamide (~), (20 mg,
50 %) ,,,as isolated by preparative thin layer chro-
matography.
B. With Silver Nitrate
'ro a susponsion of .1 (100 mg) in the mixture
of metl1anol (10 ml) and water (10 ml) silvGr nitra.te
(400 mg) was added, according to the procedure of
Horstmen et a17. The solution was acidified, diluted
with water (50 ml), and then extracted with ether
(100 ml). After removal of ether, ethanol was added
to the residue. The ethanol-insoluble solid was
collected by filtration and was crystallized from
boiling ethanol (ca. 80 ml) to give tribenzamide (6)
( 0 01) 0 ( . 15 0)1 mg, 10 % , m.p. 198-200 Ilt " m.p. 201-202 ,
v,hich 1Ims identical with the authentic sample pre-
pared according to the method of Curtius15 (by IR) •
. -175-
References
1_ ref. 1 and 2 Chapter I, Introduction.
2. H.d. Wasserman, K. Stiller, and M.B. Floyd,
Tetrahedron Letters, 3263(1968) and references
cited therein.
3. G. Rio, A. Ranhon, and O. Pouchot, Compt. Rend.,
263. 634 (1966) and references cited therein.
4. H.d. tfasserman and ILB.F1oyd, Tetrahedron, SuppI-
No.7, 441 (1966).
5. Z. Yoshida. and N. Kato, J. Am. Chem. Soc., 76, 311
(1954). J. Chem. Soc. Japan, 75, 112 (1954).
6. See chapter I.
7. J. Goerdeler and H. Horstmann, Chern. Ber., 93, 663
(1960).
8. vi. Theilacker and vJ. Schlnidt, Ann., 605, 43 (1957)
9. (a) C. Dufraisse and S. Beary, Compt. Red., 223,
735 (1946).
(b) A. Mustafa, J. Chem. Soc., 256 (1949).
10. H.d. Wasserman and E. Druckrey, J. Am. Chern. Soc.,
.9Q., (1968).
11. C.S. Foote and J.W.P. Lin, Tetrahedron Letters, 3263
(1968).
12. H.H. Wasserman and A. Liber1es, J. Am. Chew. Soc.,
82, 2086 (1960).
-176-
13. G.S.Jami8son~ J. Am. Chern. Soc. ~ ~5 177 (1904).
14 0 K, lfubachor, Ann. > 259 5 245 (1890).
15· T. Curtius 5 Ber· 5 23, 3041 (1890)
- 177 -
SUM1'1ARY
The author's studies collected in this volume are concerned
with the oxidation, particularly photosensitized oxidation, Of
some nitrogen-and sulfur-containing heterocycles with biochemical
significance. Some new findings which have important biological
implications have been gained by the present investigations.
Chapter I. Photosensitized Oxygenation of
Purine Derivatives
In connection with the phmtodynamic inactivation of
deoxyribonucleic acids, the photosensitized oxygenation of
purine derivatives has recently drawn much attention. In
order to contribute to the elucidation of the photodynamic
degradation of deoxyribonucleic acids, a systematic investiga-
tion on the photosensitized oxygenation of purine derivatives
has been carried out.
The photosensitized oxygenation of some N-unsubstituted
hydroxypurines in aqueous alkaline solution in the presence of
rose bengal as a sensitizer was investig~ted. Under these
conditions, xanthine gave allantoin and triuret, uric acid
gave triuret, sodium oxonate and allantoxaidin, and
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8-methylxanthine resulted in the formation of a complex
mixture from which acetamide and sodium oxonate were
isolated. The mechanisms for these reactions, including
peroxide intermediates, are discussed. These products
are possibly formed via a peroxide intermediate. Thus,
the formation of allantoin from xanthine can be well
rationalized by considering a 5, 8-endo-peroxide inter-
mediate (2) (section 2).
Photosensitized oxygenation of 9-phenylxanthine and
1, 3-dimethyl-9-phenylxanthine in methanol in the presence
of rose bengal gave the corresponding 4, 5-dimethoxyuric
acid derivatives. The results indicate the intermediary
formation of a 4, 8-endo-peroxide (±) in the reaction.
Under similar conditions, 1, 3-dimethyl-9-phenyluric acid
and9-phenyluric acid also yielded the corresponding
4, 5-dimethoxyuric acid derivatives. Possible mechanisms
involVing peroxide intermediates, a 4, 8-endo-peroxide (±)
and a 4-hydroperoxide (£), are discussed (section 3).
Photosensitized oxygenation of 1, 3, 7, 9-tetramethyluri
acid in methanol yielded 4, 5-dimethoxy-l, 3, 7,
9-tetramethyluric acid. On the other hand, photosensitized
oxygenation of fully N-alkylated uric acids in chloroform
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in the presence of methylene blue resulted in the formation
of different types of products. Thus, 1, 3, 7, 9-tetra-
methyluric acid gave 1, 3, 7-trimethylcaffolide and
l-ethyl-3, 7, 9-trimethyluric acid gave 1, 3-dimethyl-7-
ethylcaffolide and a nine-membered ring compound. For
the first step intermediate in these reactions a zwitterionic
peroxide ~ is proposed. In order to elucidate whether
singlet oxygen is involved in the photooxidation reaction,
reaction of these fully N-alkylated uric acids with
singlet oxygen, which was generated by non-photochemical
means, was also investigated. From the results obtained it
is concluded that the zwitterionic peroxide may be formed
at least in part by the attack of singlet oxygen to the
tetraalkyluric acids in the photosensitized oxygenation
(section 4).
Photosensitized oxygenation of 8-methoxycaffeine in
methanol containing rOSe bengal yielded carbon dioxide and
l-methyl-2, 2-dimethoxy-4-methylamino-3-imidazolin-5-one
in good yield. Similarly, 8-methoxycaffeine in ethanol gave
carbon dioxide, ethyl N-methylcarbamate, and l-methyl-2-ethoxy-
methoxy-4-methylamino-3-imidazolin-5-one. Photooxygenation
of other N-alkylated 8-alkoxyxanthines, which gave the
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corresponding imidazolinones, was carried out in connection
with the mechanisms of these reactions. The detailed
reaction sequences involving a 5, 8-endo-peroxide (£) for
the formation of the imidazolinone from 8-alkoxycaffeine
have been clarified from the results obtained (section 5).
Photosensitized oxygenation of 9-phenylguanine, a sirJp]
analogue of guanosine, in an aqueous alkaline solution
afforded carbon dioxide, guanidine, phenylurea, and a
trace of phenylparabanic acid. The results obtained in
the photosensitized oxygenation of various purine derivative
(section 2-5) led us to propose possible mechanisms for the
photodynamic degradation of guanine and guanosine. In
these reactions a 5, 8-endo-peroxide as .£ in the former
and a 4, 8-endo-peroxide as i in the latter are an
intermediate (section 6).
From all the above results (section 2-6), following
conclusions may be given to the photosensitized oxygenation
of purine derivatives. (1) The attack of singlet oxygen
to the ground state molecule of the purines may result in
the initial formation of a peroxide intermediate. (2) The
nature of the peroxide is depending upon the structural
feature of the imidazole moiety of the purines. Thus,
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four types of peroxides, i.e., a 5, 8-endo-peroxide (~),
a 4, 8-enda-poroxide (±), a 4-hydroperoxide (~), and a
zwitterionic peroxide (8), may be formed. (3) The
decomposition modes of the peroxide is depending upon
its surroundings to give various types of products.
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Chapter II. Oxidation of Quinoxaline-2, 3-diols
as a Possible Model for the Biolo-
gical Decomposition of Riboflavin.
In connection with the biological decomposition of
riboflavin, the oxidation of three quinoxaline-2, 3-diol
deriv~tives, i.e., l-ribityl-2, 3-diketo-6, 7-dimethyl-l, 2,
3, 4-tetrahydroquinoxaline (~),6, 7-dimethylquinoxaline-2,
3-diol (l), and quinoxaline-2, 3-diol (2) was examined
by chemical means. The former two compounds are known
to be catabalic intermediates of riboflavin.
On oxidation vTith alkaline ferricyanide, quinoxaline-
2, 3-diol (1) gave cis,trans-muconic acid and a dimer,
6, 7-dimethylquinoxaline-2, 3-diol (l) gave 3, 4-dimethyl-
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4-carboxymethy1-6'-butenolide (~) and 6-carboxy-1-methyl-
quinoxali.QF-2, 3-diol (,2), and I-ribityl-2. 3-diketo- 6,7-dimeth
1, 2, 3, 4-tetrahydroquinoxaline (1) gave £. ±. and 2.
The mechanism for the formation of ± from £ is discussed
in connection with the enzymatic degradation of riboflavin.
In this mechanism a common intermediate, 4, 5-dimethyl-
benzoquinone, in both the enzymatic and chemical degrada-
tion of £, is proposed (section 1).
Whereas 2 was resistant to photosensitized oxygenation,
both 1 and ~ were destructively degraded under similar
conditions. However, £ was found to be an intermediate
in the photooxygenation of 1. The mechanism for the
formation of ~ from 1 by photosensitized oxygenation is
discussed in comparison with that of the enzyme catalyzed
reaction of 1 (section 2).
Chapter III. Oxidation of Lipoic Acid and its
Model Reaction for the Enzymatic
Acyl-Transfer Reaction
In order to contribute to the elucidation of the
structure of the metabolites of lipoic acid, the oxidation
of lipoic acid was investigated. The photosensitized
oxygenation of a-lipoic acid in methanol gave ft -lipoic
-184-
acid. Mechanism of the reaction is briefly discussed.
On oxidation with 1-butylhydroperoxide, lipoic acid
afforded 8-sulfonelipoic acid, which showed an inhibitory
effect on Streptococcus faecalis lOCI with a 50% inhibition
index of about 100. Peracetic acid oxidation of lipoic
acid gave 6, 8-disulfonelipoic acid, which excerted
neither promoting nor inhibiting effect on the growth
of Streptococcus faecalis lOCI (section 1).
Moreover, reaction of Ii -lipoic acid with acetic
anhydride under mild conditions gave 8-acetoxylipoic
acid, which showed almost the same microbiological activity
as d -and Ii -lipoic acid. These reactions are discussed
in connection with the enzymatic acyl-transfer reaction,
in which lipoic acid plays an important role (section 2).
Chapter IV. Photosensitized Oxygenation of
2, 4, 5-triphenylthiazole
In connection with the photodynamic action of the
biological systems, photosensitized oxygenation of
thiazoles, which is an important part of thiamine, was
investigated. Photooxidation of 2, 4, 5-triphenylthiazo1e
in methanol in the presence of rose bengal resulted in
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the formation of benzil and benzamide. On the other hand,
photooxidation of 2, 4, 5-triphenylthiazole in chloroform
containing methylene blue a.s a sensitizer ga.ve N, N-
dibenzoylthiobenzamide in good yield. Possible mecha.nisms
for these reactions, including an endo-peroxide or a
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